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The retention and control of iodine is one of the major 
problems to be solved in the development of processing technology 
for spent nuclear fuels. In order to achieve a retention of the 
order required, new and highly reliable systems for removing 
iodine from a fuel reprocessing plant must be developed. To 
achieve this goal, we require additional knowledge concerning 
the aqueous phase chemistry of iodine.
Absorption spectra of various species of iodine in aqueous 
and organic solutions were recorded over the wavelength region 
186 to 700 nm. Iodine can be determined by direct spectrophoto-
— f .
metry at concentration levels as low as 10 M in aqueous
-7
solutions and 10 M by concentration through an extraction
process.. The distribution coefficients were determined at 20 to
o - 250 C in the range 10 to 10 M iodine. The loss of iodine
during the series extraction process was calculated. Several
-7attempts to enrich the concentrations lower than 10 M iodine 
in nitric acid solution by extraction and re-extraction in the 
presence of reducing and oxidizing agents were unsuccessful.
It has been demonstrated that iodine ions can be determined
-to - 7by direct potentiometry^concentration levels as low as 5 x 10 M
in nitric acid solutions. The effects of 1 to 4 M nitric acid
and temperature are examined and discussed. Many useful results
were obtained for potentiometric measurements of iodine using
buffer solutions. A difference in the behaviour of mixed solutions
of iodide, iodine, and iodate with buffer solution is observed.
One of the greatest advantages of this method is that the
analysis can be carried out within three minutes since the
response time of the electrodes is short.
This work also summarizes results obtained by earlier studies 
aiming at the identification of iodine compounds released in 
solution, and to obtain more information concerning formation 
mechanisms and kinetics of the iodine exchange reaction.
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Part 1* Introduction
1.1 Iodine—as a fission product in nuclear fuels
in the aqueous reprocessing of spent nuclear fuel, iodine is 
one of the most hazardous radioactive fission products released, 
since radioactive iodine can be generated in a variety of forms 
in the dissolution step.
Several isotopes of iodine are present in approximately equal
/r
activities when at equilibrium in reactor fuel (about 10 Ci/t) 
under typical irradiation conditions in a thermal reactor. 
Whereas there is no significant release of iodine during the 
decanning process, the iodine is released on dissolution in 
nitric acid and is distributed between the dissolver liquor 
and nitrous fume. The underlying chemistry of iodine in the 
dissolver has not been fully explored. Some investigations have 
been made in an attempt to identify the species present in the 
dissolver solution. The control and removal of iodine is one 
of the major problems to be solved in developing fuel repro­
cessing capability. One of the problems in previous studies 
was the lack of a simple, rapid, and accurate method of 
determining the various iodine species in nitric acid solution. 
The present work has been undertaken to obtain further infor­
mation concerning the aqueous-phase chemistry of iodine and 
the establishment of the required analytical methods.
1,2 Chemistry of iodine in aqueous solution
The chemistry of iodine in aqueous solution has been studied 
extensively during the past century. Iodine can exist in the 
.following oxidation states s
For aqueous solutions Eggleton lists the following reactions 
and equilibria:
1 . (g) “ I?(aq)
2 . I0 (aq) + = I .
3. I ~ (aq) + H o0 = H + I~ + HIO
4. I2 (aq) + H20 = H2OI+ + I
5. 3I2 (aq) + 3H20 = I0~ + 51*" + 6H+
6. HIO = H + 10
7. 10 + I “ I20H + OH*
-28. 10 + I  = I 20
9. HIO(g) = HIO(aq)
K,- =
K ? =
K8 -
I1!  g
[q J
f a l a q  N I
[H*] [l~3 [HIO]
N T a q
[h2ox+] [I- ]
_ 7 _ T _ _
*
N j J N ] 5 N i 6
[HIO]
[i2°h~] [0H~] 
[IO”] [I-]
[ i 2°~ 21
[10-] [I-]
[HIO]
K9 =
- 4 -
Eggleton points out that some of these reactions are important 
only for limited ranges of pH and iodine concentration and 
that reaction 5 is slow enough that it often may be neglected.
1.3 Previous studies of the chemistry of iodine in aqueous 
solution
A detailed study of the chemistry of iodine at carrier-free
21concentration was carried out by Kahn and Wahl . They identi­
fied five chemical species of iodine formed during the chemical 
oxidation of an acid solution of carrier-free iodide-131 based 
upon solvent extraction and exchange behaviour. It was proposed 
that these unusual chemical fractions were the result of the 
reaction of a reactive form of iodine, formed during the 
oxidation, with trace impurities in the solution, and contained 
iodine in an oxidation state intermediate between +1 and +5 
which exists only at low concentration.
31It was further reported that the behaviour of the radio--
activity that is not extracted into benzene and does not
exchange with is that expected for iodate plus at least
two other iodine species. The predominant non-iodate component
was found to react with hydroiodic acid, sulfurous acid or
sodium bicarbonate to yield water-soluble iodine species? no
+2significant reaction was observed with Fe , The reaction 
with sodium bicarbonate was irreversible, leading to iodine 
species rapidly exchangeable with molecular iodine at room 
temperature.
Several investigators have reported discrepancies between
the calculated and observed distribution of molecular iodine
at low concentration between an aqueous solution and organic
solvents. In the distribution of iodine between benzene and
41dilute sulfuric acid Kahn 7 found that the fraction of the
- 5 -
iodine in the aqueous phase at low concentration was greater 
than what would be expected considering the known iodine 
equilibria. Good and Edward observed a similar effect in 
a study of the distribution of iodine between carbon disulfide 
and aqueous solutions at various pH values. Investigation of 
the distribution of iodine between carbon tetrachloride and 
aqueous solutions of various pH values by Wille and Good 
showed the same phenomenon. There was a greater fraction of 
the iodine in the aqueous phase at low iodine concentrations 
than would be predicted from the known iodine equilibria.
7)Eggleton and Atkins using a gas chromatographic method 
identified methyl iodide as the principal iodine compound 
formed when carrier-free iodine-131 was released into the 
atmosphere by oxidation of carrier-free iodide-131 or by 
heating irradiated uranium dioxide.
Several methods of preparing solutions of carrier-free iodate-131
employing chemical oxidizing agents to oxidize carrier-free
iodide-131 have been described, Perkins and Kahn described
a procedure using nitric acid as the oxidizing agent. More
85)recently Reynolds described a method using
chlorine dioxide which made it possible to prepare a solution
of carrier-free iodate-131 essentially free of other materials.
All of these investigations of the chemical properties of
carrier-free iodine have been conducted using chemical
oxidizing and reducing agents. Electrolytic oxidation at a
controlled anode potential offers an advantage in that it is
not necessary to add large quantities of chemicals to the
tracer solution as is the case when a chemical oxidizing
agent is used. Since the value of the electrode potential
can be precisely controlled and its magnitude can be varied
over a large range, quantitative information as to the effect
of various electrode potentials on the species existing in
9)solution can be obtained. Jackson's studies of the electro-
lytic oxidation of carrier-free iodide-131 at controlled anode 
potentials add to the general knowledge and understanding of 
the chemistry of carrier-free iodine and contribute information 
which will aid in the identification of the various iodine 
species which exist in solution at very low concentration. His 
study was made on the electrolytic oxidation of carrier-free 
iodide in acidic , and basic solutions at various controlled 
anode potentials. In basic solution the iodide was oxidized 
directly to iodate, no species other than iodide and iodate 
was detected in the solutions. There was no evidence for the 
formation of periodate in the electrolyzed basic solution. In 
acidic solution under certain electrolysis conditions as much 
as 50 to 60 % of the activity in solution could be converted 
to iodine species other than iodide or iodate. These species 
could be oxidized to iodate by electrolyzing at a higher anode 
potential.
1,4 Behaviour of iodine in nuclear fuel
1.4.1 General
The problem of iodine release from reprocessing plants would
be severe, were it not possible to allow the radiobiologically
131significant isotope I to decay before decanning and 
reprocessing take place. However, there is a very considerable 
financial incentive to reduce this cooling time. To achieve 
these financial advantages, it will be necessary to establish 
new and very reliable techniques for the containment of radio­
iodine in gaseous and aqueous effluents. These techniques must 
cover fuel transport, off-loading and head-end processes and 
the solvent extraction plant. To achieve a minimum cost system, 
the removal of the iodine at the head-end stage appears to be
desirable. Some work has been done in recent years on the 
safe management of radioiodine for the future of reprocessing 
short-cooled fuel. It is believed that the task of removing 
radioactive iodine from head-end and exhaust gases from fuel 
reprocessing plants will increase both in size and in scope,
1.4.2 Species of iodine in nuclear fuel solutions
It has been assumed that future LWR fuels will reach an average 
burn-up of 40.000 Mwd/metric ton at a specific power of 
40 Mw/metric ton. Under these conditions, each ton of fuel 
will contain about 106 curies of isotopes of iodine (Table 1.4,1,
1.4.2 and 1.4.3). We assume that radioiodine would be no problem 
in processing reactor fuel if a cooling time of about 180 days 
were to be accepted before reprocessing started (Table 1.4.4).
The fast reactor fuel cycle requires a substantial inventory
of plutonium. While in the early phases of fast reactor invest­
ment supplies of plutonium will be adequate a large nuclear 
programme based on this reactor type will rapidly lead to the 
need to reduce to a minimum the plutonium inventory in the
fuel cycle. This will demand a rapid recycle of the fuel before 
131the I has decayed to levels currently handled at the major 
reprocessing plants (Table 1.4,5),
It was believed that the radioiodine problem was the most
difficult one to solve if a cooling time of 50 days is required
1 31before reprocessing. The I content of this short cooled fuel
131is about 40,000 Ci/t, while at 180 days cooling, the I content 
is only 0.5 Ci/t.
Iodine has 19 radioisotopes (Table 1,4.6), but only a few
radioisotopes are present in the dissolver after the fuel is
131dissolved. The radiological significance of I (8 day half-life)
- 8 -
Table 1.4.1 ELEMENT CONCENT FAT IQNS IN SPENT FUELS
15 0  days a f t e r  reactor  discharge
( grams/t HM )
* * * * * * * * * * * * *
L W R L W R FeR
L E M E N T P U - R E C Y C L I N G CORE-i-ELA!
3 4  G W D / T 4 5  G W D / T 3 4  G W D / T 3 4  G W D /
1 . R E C Y C L E 2 . R E C Y C L E  .
H - 3 0. 0 7 4 0 . 0 9 5 0 . 0 8 0 0 . 0 8 0 0. 0
H E 0 . 3 7 0 . 5 4 I . 6 9 2 . 1 3 0 . 3
K R 3 8 2 5 2 6 3 4 5 3 4 4 2 9 2
XE 5 5 9 0 7 4 5 0 5 6 1 0 5 6 0  0 4 2 3 0
R B 3 4 1 4 7  2 3 0 5 3 0 3 2 5  2
c s 2 8  00 3 6 9  0 2 8 4 0 2 8 5  0 3 8 4  0
S R “ 9 1 4 1 2 6 0 8 1 8 8 1 5 5 5 8
B A 1 4 4 0 1 9 5 0 .14 5 0 1 4 5 0 1 4 1 0
Y 4 8 0 6 6 3 4 2 6 4 2 4 3 1 2
L A 1 3 0 0 1 7 4  0 1 2 9 0 1 2 8 0 1 1 8 0
C E 2 7 9 0 . 3 7 2 0 2 7 3 0 2 7 2 0 2 6 3 0
P R 1 2 3 0 1 6 5 0 1 1 9 0 1 1 9 0 9 9  0
N D 3 9 9 0 • 5 4 0 0 3 8 9 0 3 8 8 0 3 5 2 0
P M 1 0 4 1 1 6 1 0 6  . - 1 0 7 3 3 6
S M 8 3 4 110 0 8 4 8 8 4 8 9 8 7
E U 1 9 1 2 5 8 2 0 5 2 0 5 1 4 3
G D 1 1 3 1 7 2 1 2 8 1 2 7 1 0 6
T B 1 .9 2 .2 2 . 4  ■ 2 . 4 8 ,6
DY 1 .1 1 . 4 1 . 5 1 . 5 3 . 7
U 9 5 4 0 0 0  9 4 2 0 0 0 9 5 2 0 0 0  9 5 2 0 0 0 8 6 7  C O O
N P 5 0 0 7 6  9 3 7 6 3 6 8 2 7  1
P U  . 9 0 8 0 9 5 1 0 1 0 6 0 0 11000 1 01 o o c
A M 1 5 3 2 0 8 5 4 4 7 7 4 2 5 9
C M 4 2 . 9 7 2 . 5 3 1 7 5 2 4 4. 8
Z R 3 7 6 0 5 1 1 0 3 5 4 0 3 5 3 0 3 0 6  C
N B 1 2 . 9 1 5 . 2 1 2 .8 1 2 . 7 2 1.0
M O 3 5 4 0 4 7 3 0 3 5 2 0 3 5 2 0 3 3 5 0
T C 8 6 3 1 1 4 0 8 6 5 866 9 13
R U 2 3 4 0 3 0 5 0 2 4 9 0 2 4 9 0 3 1 0 0
R H 3 9  1 4 6 0 4 2 4 4 2 7 9 2 3
P D 1 3 5 0 1 7 3 0 - 1 6 6 0 1 6 6 0 2 1 7 0
A G 6 2 . 3 7 0 . 9 7 8 . 2 7 9 * 0 2 1 4
C D 8 8 . 4 1 1 5 1 1 7 1 1 7 1 2 9
I N 1 .2 1 .3 1 . 4 1 .4 1 3 . 7
S N 5 3 . 5 6 7 . 1 6 2 . 3 6 2 . 5 1 3 8
S B 1 7 . 7 2 1  .9 2 0 . 4 2 0  .4 5 2 . 0
S E 5 3 . 3  ' 7 2 . 4 5 0 . 8 5 0 . 7 - 5 9 . 3
T E 5 8 2 7 6 3 6 1 9 6 1 9 5 8 0
B R 1 5 . 7 2 1 .0 1 5 . 4 1 5 . 4 2 2 . 4
I 2 7 7 3 5 7 3 0 0 3 0 1 2 9 3  ;
♦ ♦ tt* *# # *# *# * * * * * * *#  * * * * * *  * * * *  **5{{ **Xt* * * * * * * * * * * * * * * * *  * * * * * * * * *
LWR LWR FBR
ELEMENT PU-RECYcLING. CORE+bLa NKET
Tab le 1.4.2 ELEMENT CONCENT PAT IGNS IN SPENT FUELS
150 days a f t e r  reactor  d isc h a r g e
(GRAM ATOMS/T HM)
3 4  G W D / T 4 5  G W D / T 3 4  G W D / T  
1 . R E C Y C L E  2. R E C Y C L E
3 4  G W D / T
H - 3 0 . 0 2 5 0 . 0 3 2 • 0 . 0 2 7 0 . 0 2 7 0 . 0 3 3
H E 0 . 0 9 3 0 . 1 3 4 0 . 4 2 2 0 . 5 3 2 0 . 0 8 1
K R 4. 5 0 6 . 1 9 4 . 0 6 4 . 0 4 3 . 4 4
X E 4 1 . 6 5 5 . 5 4 1 . 8 4 1 . 7 3 1 . 6
P B 3 . 9 5 5. 4 7 3 . 5 3 3 . 5 1 2 .92
C S 2 0 . 7 2 7 .  3 2 1 .0 21 . 1 2 8 . 4
S R 10 .2 1 4 .  1 9 . 1 7 9. 13 6 . 2 6
3 A 1 0 . 4 1 4 . 2 1 0 . 5 1 0 . 5 10 .2
Y 5 . 3 9 7 . 4 5 4 . 7 8  . 4 . 7 6 3 . 5
l a 9. 3 8 1 2 .6 9 . 2 5 9 . 2 4 8 . 5 0
C E 1 9 . 7 2 6 .  3 1 9 . 3 1 9 . 3 1 8  .6
P R • 8 . 7 1 1 1 . 7 8 . 4 6 8 . 4 5 7. 02
N D 2 7 . 5 3 7 . 3 2 6 . 8 2 6 . 8 2 4  .3
P M 0 . 7 0 7 0 . 7 8 6 0 . 7 2 1 0. 7 2 8 2 . 2 9
S M 5. 6 7 7 . 3 6 5 « 6 6 5 . 6 6 6 . 5 8
E U 1 . 2 5 1 . 6 8 1 . 3 4 1 . 3 4 C . 9 3 2
C D 0. 7 2 6 1 .1 0 0 . 8 1 9 0 . * 1 0 0 . 6 7 7
t b 0 .0  1 2 0 . 0 1 4 0 . 0 1 5 0. C 1 5 0. 05 4
D Y 0 . 0 0 7 0. 0 0 9 0 . 0 0 9 0 . 0 0 9 0 . 0 2 3
U 4 0 1 0 . 3 9 6 0  . 4 0 0 0  . 4 0 0 0  . 3 6 4 0 .
N P 2 . 11 3 .  2 4 1 • 5 9 1. 5 5 1 . 1 4
P U 3 7 . 9 3 9 .  7 4 4 . 3 4 5 . 9 ■ 4 2 1 .
A M 0 . 6 3 2 0 . 8 5 6 2 . 2 4 3. 1 9 1 . 0 7
C M 0 . 1 7 6 0 . 2 9 7 1 . 3 0 2 . 1 5 0 .0 2 0
2 R 4 0 . 3 54 .8 3 7 . 9 3 7 . 8 3 2 . 7
n b 0. 1 3 6 0 . 16 0. 1 3 4 0. 1 3 4 0 .2 2 1
M O 3 6 . 2 4 8 . 5  • 3 6 . 1 3 6 . 0 3 4  .3
T C 8 . 7 2 1 1 . 5 8 . 7 4 € . 7 4 9 . 2 2
R U  • 2 2 . 9 2 9 .  9 24.-4 2 4 . 4 3 0 . 2
R H 3 . 7 9 4 . 4 7 . 4 . 1 2 4 .  15 8 . 9 6
P D 1 2 . 7 1 6 . 3 1 5 . 6 1 5 . 7 2 0 .4
A G 0 . 5 7 2 0. 6 5 0 0 . 7 1 7 0 . 7 2 5 1 .96
C D 0 . 7 S 2 1. 03 1 . 0 5 1 . 0 5 1 . 1 5
IN 0 .0 1 1 0 . 0 1 2 0 .0 1 2 0 . 0 1 2 0 . 1 1 9
SN 0 . 4 3  8 0 . 5 5 4 0 . 5 0 9 0 . 5 1 1 1 . 1 3
S B 0 . 1 4 3 0 . 1 7 8 0 . 1 6 5 0. 1 6 6 0 . 4 2 2
S E 0. 6 5 9 0. 8 9 4 • 0 . 6 2 8 0 . 6 2 6 0 . 7 3 5
T E 4 .50 . 5 . 8 9 4 . 7 8 4 . 7 9 4 . 4 8
B R 0 . 1 9 4 0 . 2 5 9 0 . 1 9 0 0 .  1 9 0 0 . 2 7 6
X 2 . 1 5 2 . 7 7 2 . 3 4 2 . 3 4 2 . 2 8
Table 1.4.3 ACTINIDE NUCLIDE CONCENTRATIONS in spent fuelsiso days after reactor discharge
( GHAMS/T HM )
IWR
n u c l i d e  h a l f - l i f e
L W R  FRR
' • P U - R E C Y C L I N G  C O F E + b L a N KE T
34 G W D / T  45 G W D / T  34 G W D / T  34 G W D / T
l.REC YCLE 2. R E C Y C L E
-~U- 234 2 4 7 0 0 0 V 1 1 9 3 8 9 105 , • 108 0.9
U - 2 3 5 7 . 10 E+ 8 Y 7 5 6 0 8 2 1 0 6 8 9 0 7 C 7  0 23 3 0
U - 2 3 6 2 . 3 9 E + 7 Y . 4 5 8 0 6 4 5 0 3 6 0 0 3 5 8 0 330
U — 238 4 . 5 1E+9 Y 9 4 2 0 0 0 9 2 7 0 0 0 9 4 1 0 0 0 942 C C 0 8 6 4 0 0 0
N P— 237 2 . 1 3 E + 6 Y 5 0 0 7 6 9 37 6 ■ 3 6 8 271
P U - 2 3 Q 8 8 . 9 Y 1 8 0 304 2 3 7 2 6 0 3 0
P U - 2 3 9 2 44 CO Y ' 5 2 7 0 5 2 6  0 • 5 3 6 0 5 3 60 7580 0
P U - 24 0 6 7 6 0 Y 220 0 2 3 1 0 • 261 C 2 6 5 0 221 0 0
P U - 2 4 1 14.6 Y 1 0 5 0 11 6 0 1440 14S0 2210
P U - 2 4 2 3 8 0 0 0 0 Y 3 8 0 4 3 8 9 66 1 2 3 0 6 2 7
A M - 2 4 1 4 33 Y 4 7 . 2 51 .5 7 9 . 9 8 5 . 5 220
A M - 2 4 2 M 151 Y 1 .0 1 . 1 2.2 2 . 4 2.5
A M - 2 4 3 7 6 5 0 Y 1 0 5 1 5 5 4 6 2  • 686 • 3 6 . 8
C M - 2 4 2 163 D 5.8 4.7 14. 7 1 6 . 3 2 . 7
C M - 24 3 32. 0 Y 0.1 • 0 . 1 0.3 0.4 0.2'
C M - 2 4 4 18. 1 Y 3 4 . 4 • 6 0 . 0 2 7 3 45 6 1.9
C M - 2 4 5 • 8 2 6 0 Y 2. 3 4 . 4 2 4 . 2 4 2 . 0 0.04
C M - 2* 6 • 47 10 Y 0.3 0.6 ' 4. 8 8. 8
t c t a l  t u 9 7 7 6 1 0 5 6 8 1 1 8 50 1 2 6 6 5 1 0 1 3 0 2
Tab le  1 .4 .5  Decay p e rio d s  o f i r r a d ia te d  uranium 13)
( n , j f   ^ fj236 ( n »*]f)
107 barns 92 ha-rua >6 b rns 92U
23 7  A
6.75day 93Np
237
92TJ
235
( n , f )  y ie ld =  2 .9 $  
580 barns 53
131
8 . 1 4 :days 54Xe
131
92
U238 ..(n, T )— '■“ » 1 i  tt259 a' „t-2 59  l i ' ©,,231
2 .7 5  barns 92 2 3 .5  min 93 p 2 .3 3  daysy94Pu
Table 1*4,6 Isotopes of Iodine
Isotope
-110
rl21
-122
-123
r!24
r12S
rl20
j l  27 
jiae
3-129
jiao-
rl31
Half Life Type of Decay Method of Preparation
19 min
~  k xnin
15.0 hr
• ff
{
EC
EC ~ 70$ 
p+ -  50*
60 day EC
—  15 day EC 55$ 
hki> 
£*~1$
stable (abundance 100$) 
2 5  B i n f EC -  6$
*1 pr ~ 94$
1,7 x IO7 year F
~  12.5 hr p”
** 8,1 day
Pdxlo(N14,5n) or 
Pd100(Nl4,5n)
Spall Cs
Sb12X(a,Ln) 
Spall Cs
Sblal(a,5n) 
Te122(p,n) 
Daughter Xe122
Sblal(a,2n) 
Daughter Xe123 
Sbl2l(a;n) 
SbX23(a,5n) 
TeX24(p,n) 
and others
Sbl23(a,2n) 
Te124(d,n) 
Spall-fiesion Bi 
Daughter Xe125
*123(a,n)Sb
Te 5(d,n) 
Tel2°(p,n) 
I127(n,2n) 
and others
Natural »
I 127(n ,r)
Telso(d,2n)
Tel2S(p,n)
Fission U
Tel3°(d,2n)
Te130(p,n)
• 129
Cs (n,or)
TeX30(d,n)
Spall-fission Tn, U 
Fission lb, U, U23S 
Daughter Te131
- 12 -
Table 1.4.6 Isotopes of Iodine ( continued )
Isotope Half Life Typo of Decay Method of Preparation
I132 ■“  2.5 hr p‘ . , Spall-fission U
. . . ■ Fission Th, U, U 233
Daughter Te132
j!33 . ~  21 hr p“ Spall-fission Pb, U
• Fission U, Pu
Daughter. Te133.
jl34 ~  52.5 hr p- Spall«-fi6sion U 
Fission Th, U, U235, Pu
Daughter Te134
jX35 ~  6.7 hr r Spall-fission U 
Fission Th, U, Pu 
Daughter Te135
I137 —  22 sec
I f Fission U, Pu
lp~n(~6*)
I130 5*9 sec P“ Fission U, ancestor Cs1:
XX30
*
2.7 sec p- Fission U, ancestor Ba1'
*  - - 1 11 
Only those isotopes are listed vhich fall in categories A and B in
"Table of Isotopes", D. Strorainger, J. M, Hollander and G. T. Seoborg,
Revievs of M o d e m  Physics, 30, Ho. 2, Part II, April 1958.
Table 1.4.4 Iodine-131 content of fast reactor fuel
Cooling Time 10 30 50 90 180
(days)
Ci / Day 2 x 106 4 x 105 8 x 104 2 x 103 1
(2 ton/day plant)
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is much greater than that of I 132 (2,4 hour halflife), I 133
(22 hour half-life), and I 135 (6.7 hr half-life). The very
129long-lived isotope I (17 million year half-life) is present
in very small activities, (about 0,02 Ci/t). The concentration 
131of I in the dissolver solution is about 0. 01 mg/litre and 
1 33the I concentration is about 0.003 mg/litre. The long-
129 12 7lived I and stable I in a ratio of about 10:1 are in
solution in a concentration of 0 .0 1 mg/litre? the build-up of 
129I is linear with irradiation time.
1.4,3 Previous studies of iodine in dissolver solutions
The chemical changes which iodine undergoes during the dissolving 
process are complex. Some work has been done on this subject 
by workers who were interested in the behaviour of iodine 
during metal dissolution only.
10)Dreher, Kamack and Thompson found that the evolution of
iodine from uranyl nitrate solution is principally influenced 
by the concentration of iodine and is substantially independent 
of the concentration of nitric acid or uranyl nitrate. The 
reaction involved in the evolution of iodine appears to be 
approximately a second order reaction with respect to the 
concentration of iodine. Since added iodide or iodate is 
liberated without exchange with iodine from the dissolver 
solution, they conclude that the fission iodine exists as a 
complex ion, and in an oxidation state higher than zero.
11)Glendenin has pointed out that the interchange between
freshly formed radioiodine atoms and carrier is slow and 
incomplete. In order to get rapid and complete interchange 
it is necessary to convert iodine plus carrier through several 
oxidation states together.
- 14 -
Freed, et al, , dissolved uranium in concentrated HC1 for
the production of iodine and showed that precise control of
the oxidation-reduction potential during the oxidation of U+4 
+2to U02 is necessary in order to get good iodine yields. They 
found that iodine could be distilled out at a rate proportional 
to the amount of iodine present until the total iodine 
concentration reaches about 500 pg/litre, when the rate 
decreased rapidly.
Some general conclusions from an exhaustive study are given 
below: (1) The percentage of the total radioiodine released 
from a dissolver depends upon a number of factors, including 
size and shape of the dissolving vessel, use of refluxing 
scrubbing towers, size of the charge, rate of dissolution, 
chemical conditions during dissolving, and the age of the 
fuels. (2) The release of iodine depends primarily upon three 
conditions: (a) iodine must be present as elemental iodine 
for iodide and iodate are practically non-volatile when 
present in small amount in aqueous solution? (b) iodine atoms 
must combine to form I2 molecules and diffuse either to the 
surface of the solid and then to the liquid or into a bubble 
of gas which will carry it to the surface? (c) after escape 
as gas, it must not be scrubbed out within the environs of 
the dissolver.
1.4,4 Chemical reactions of iodine in the dissolver system ,
Uranium metal is dissolved in nitric acid according to the 
following equation.
U + 4HN03 ---- > U02 (N03 ) 2 + 2N0 + 2H20~ (10)
12)
When the nitric acid is concentrated, during the first part 
of the dissolving operation, some of the NO is oxidized to 
N02 by the boiling, concentrated HNO^.
NO + 2HN03 ---- > 3N02 + H20 (11)
NO is also oxidized to N02 by oxygen in the system.
Iodine probably occurs within the uranium metal entrapped 
either as iodine atoms of zero valence or as molecular I2 « 
Upon dissolving, the immediate surroundings can be both 
oxidizing and reducing in character; i.e., the nitric-nitrous 
acid solution and the surface of the uranium metal. Any 
reduction to iodide would tend to be of very short duration 
during the first stages of dissolving.
Equilibria can be set up which vary throughout the dissolving 
cycle, as indicated:
l ”  to— 3 1° to 1 0 “ to^ —- io ”
As elemental iodine atoms are formed, two atoms must unite 
to form volatile, molecular I2 , which is then removed from 
the system. Conditions early in the dissolving period 
(boiling 70 % HNO^) are conducive to the oxidation of iodine 
to iodate. The energy available for the oxidation of iodine 
to iodate is corrected for concentrations other than one molar, 
as follows:
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It is apparent that conditions which favour the oxidation 
of iodine to iodate are high nitric acid concentration and 
low nitric oxide pressure. There is sufficient energy for 
nitric acid to oxidize iodide directly to iodate? however, 
the intermediate reaction indicated in Eq, 3 is probably 
favoured. The hypoiodite formed then decomposes;
Iodate and iodide react to form elemental iodine in acid 
solution. Therefore, the dissolver should not contain both 
iodate and iodide at the end of the processing cycle unless 
the reaction rate becomes very small at extreme dilution. 
However, the presence of NO even during the latter stages
of dissolving would preclude the existence of iodide because
\
NO is a very efficient agent for oxidizing iodide to elemental 
iodine, Iodate may also be reduced by NO although the rate 
of reduction is very slow at high hydrogen ion concentrations. 
It is possible that iodate formed early in the dissolving 
cycle survives the balance of operations on the dissolver 
solution. However, it was not possible to positively identify 
iodate in the 10 - 20 % iodine which remained in the dissolver 
after sparging.
The iodine is released on dissolution and is distributed 
between the dissolver liquor and the nitrous fume, assuming 
the iodine in the fuel is present as I2 and metallic iodides.
The reactions are;
3HI0 •> 2HI + HIO 3 (13)
I2 + 2e * 21 (14)
6H+  + 10™ + 5e * 1/2 I 2 + 3H20 (15)
8H+ 4* 10™ + 7e 4 •> 1/2 I 2 + 4H20 (16)
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I2 + H20 s===> HI + HOI (3)
3H0I <==s IO~ + 3H+ + 2l” (13)
The above basic reaction scheme will be affected by the 
nitrous and nitric acid concentrations and may be affected 
by the continously dissolving uranium metal and fission 
products.
Some limited experimental work has been carried out at
14)Windscale in an attempt to identify the species present 
in the dissolver solution. The free I2 content was estimated 
by the addition of carrier iodine and extraction into CCl^,
whilst the 1 0  ^ content was determined by the subsequent
addition of carrier 10^ to the solution, reduction by KI and 
a further CCl^ extraction. The results showed that 95 % of 
the iodine was present as I2 and 5 % as 10*. The chemical 
mechanism leading to a small proportion of 10^ in the dissolver 
solution has not been established; it is well known that 1 0  ^
is produced by the reaction of I2 and strong nitric acid, but 
the extent of its formation in the dissolver solution 
continuously purged by nitrous fume cannot be calculated 
owing to lack of data. It has been suggested that the inter­
vention of fission product silver produces iodate ion 
according to the reaction:
6Ag+ + 3I2 + 3H20  > 5AgI + AgI03 + 6H+ (17)
The absence of iodide ion is consistent with the expected 
oxidation of i” by boiling 3 N HNO^ in the presence of N02 .
Using this background information, one can postulate that the 
iodine is present in the dissolver chiefly as I2 * which steam-
Postulated Jxydrolytic reactions are:
4
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distills with the acid vapors to the oxidizer-scrubber, where 
a substantial fraction is refluxed by the cool HNCty stream 
returning to the dissolver. Some small fraction (e*g. 5 %) 
of the iodine feed leaves the oxidized-scrubber to reach the 
NaOH scrubber, in which the main part (98 %) of the I^3  ^ is 
removed from the gas stream,
1,5 Analytical methods
1.5,1 General
Iodine can be detected as the free element by the characteristic 
blue colour it gives with a starch solution or by the violet 
colours of its vapours and its solutions in carbon tetrachloride 
and carbon disulfide. a-Naphthoflavone has been recommended as
a more sensitive test for free iodine than starch, 0 , 1 ppm
15)being readily detected . Iodine is usually determined 
quantitatively as the free element in dilute acid solutions 
by titration with a standard sodium thiosulphate solution using 
starch as an indicator. Another procedure is to oxidize the 
iodine to iodate with bromine or permanganate, add excess
alkali iodide, and titrate the liberated iodine. Gravimetric
16)and volumetric methods were the first methods used to 
determine iodine in analytical chemistry. Gradually several 
colorimetric and nephelometric methods were introduced; small 
quantities of iodine (0.05 ug) can be determined by a colori­
metric method which is based on the catalytic effect of iodide 
on the cerate(IV)-arsenite reaction. The a-naphthoflavone 
method can also be employed for colorimetric determinations.
It was later found that electrical measurements could detect 
end points in titration. In the years since 1930, the rapid 
development of the vacuum-tube amplifier and the photoelectric 
tube, and more recently, of transistors and other semiconductor 
devices, has resulted in the establishment of many analytical 
methods to determine iodine.
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1.5.2 Gravimetric methods
1 .5.2•1 P£®£i£itation_as_silver_iodide
This procedure is essentially the same as that used for the 
precipitation of silver chloride. However, silver iodide is 
the least soluble of the silver halides and has a strong 
tendency to occlude impurities which are much more difficult 
to remove than with silver chloride. The precipitation of 
the salt should be made slowly by adding 0.05 M AgNO^ with 
stirring, to an equally dilute ammoniacal solution of the 
iodide until precipitation is complete, then adding HNO^ to 
1 % by volume. The precipitate is filtered and washed with 
dilute HNO^ and then with water* Prolonged contact of Agl 
with HNOg must be avoided, as the iodide will be attacked 
through oxidation. Water must be used sparingly in the final 
wash, as Agl has a tendency to dissolve. The precipitated 
salt, in a Gooch crucible, is dried, gently ignited, and 
weighed as silver iodide.
17)1.5.2 . 2 2£bermination_of_iodine_asragalladous_iodide
Iodine may be determined as the iodide in the presence of the 
other halogens by precipitation as palladous iodide which is 
insoluble in water and dilute HC1 (1:100); the solubility 
increased, however, in the presence of excess salts. Organic 
reducing agents, e.g., ethanol, reduce the palladium to the 
metal and must be absent from solution? sulphides and 
cyanides must also be absent,
Hh 4Pd must be avoided in solutions containing a mixture of 
the halogens, as the element in this oxidation state forms 
an insoluble precipitate with chloride in the presence of 
potassium or ammonium ions.
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1 . 5 . 3 • 1 D e te rm in a tio n ^ o f_ h y d rio d ic ^ a c id -s o lu b le _io d ides
Free hydriodic acid is not determined by the usual alkali- 
metric methods for acids. The procedure for its estimation, 
free or in the form of a soluble salt, depends upon the 
liberation of iodine and its titration with standard sodium 
thiosulfate, in neutral or slightly acid solution, or by 
means of standard arsenious acid, in the presence of an 
excess of sodium bicarbonate in a neutral solution. The 
following equations represent the reactions that take place;
Thiosulfate; 2S2o“ 2 + I2 ------2I~ + S40~ 2 (18)
Arsenite : tyAsCty + X2 + ftyO — +HAsO~ 2 + 4H+ + 2l" (19)
The free acid formed in the second reaction is neutralized and 
the reverse reaction thus prevented;
1.5.3 ' Titrimetric methods
The presence of free alkali is not permissible, as the hydroxyl 
ion would react with iodine to form iodide, hypoiodite, and 
finally iodate; hence sodium or potassium carbonates cannot 
be used. Alkali bicarbonates, however, do not react with iodine 
and provide proper acidity for the reaction,
1,5.3 .2 Oxidation^of^iodide^by^ferric^salts
The method takes advantage of the following reaction:
HI + HCO 3 * I + H20 + C02 (20)
2Fe+3 + 21 * I2 + 2Fe+2 (21)
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The procedure permits a separation from bromides, as these 
are not oxidized by ferric salts.
1811*5. 3. 3
The reaction with potassium iodate is as follows:
5I~ + I0~ + 6H+ ---- > 3H20 + 3I2 (5)
It is evident that 5/6 of the titration for iodine would be
equal to the iodine of the iodide; hence, 1 ml of 0.1 N
thiosulphate is equivalent to 0.012699 x 5/6 = 0.01058 g 
iodine due to the iodide.
1 .5.3.4 th^nitrous^acid
Nitrous acid reacts with an iodide as follows:
2HN02 + 2HI  * 2N0 + 2H20 + I2 (22)
Since neither hydrochloric nor hydrobromic acid are attacked 
by nitrous acid, the method is applicable to determining iodide 
in the presence of chloride and bromide; hence, this method 
is useful for determining small amounts of iodine in mineral 
waters containing comparatively large amounts of the other 
halogens.
1911.5.3.5. Oxidation_of_iodide_to_iodine_jnonochlori.de 
The reaction is as follows:
I0~ + 2l“ + 6HC1  * 3IC1 + 3C1~ + 3H20 (23)
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There are other somewhat similar procedures such as oxidation 
of iodide to iodine cyanide (Lang's Method), and oxidation to 
iodoacetone (Berg's Method)
1 . 5 • 3 •6 £i5iri££ion_of _iodide_to_iodate
In addition to these methods, iodides acidified with phosphoric
211acid may be determined by the Kolthoff modification * of the 
Winkler Method which utilizes the oxidation of iodide to iodate 
with a 5 % solution of bleaching powder, i.e., hypochlorite, 
followed by addition of 5 ml 10 % phenol, then 5 ml 1 N potassium 
iodide with subsequent titration of the liberated iodine by 
thiosulfate. Another method liberates iodine from iodide 
solutions acidified with phosphoric acid by addition of hydrogen 
peroxide followed by distillation of the iodine into potassium 
iodide.
1 .5 .3 .7  yolhard^s_method_for_determining_iodides
This procedure is very similar to those for determining chloride 
or bromide, with the exception that silver iodide formed will 
occlude both the iodide solution and the silver nitrate unless 
the additions of the silver salt are made in small portions 
with vigorous shaking.
1 . 5 . 3 .8  A dsorgtion_indicator_m ethod
Iodide ion may be titrated with silver nitrate in a solution 
that is neutral or slightly acidified with acetic acid, using 
eosin (sodium salt of tetrabromofluoresceinate) indicator.
The range of application is from 0.1 N down to 0.0005 N halide 
to be titrated ^2) ^
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The procedure for the determination of iodates is the reverse 
of that outlined above for the determination of iodides by 
means of iodate. The solution containing an excess of potassium 
iodide is acidified with hydrochloric acid? the liberated 
iodine is then titrated with standard thiosulfate. One ml 
0.1 N Na2S20 3 = 0.002934 g HI03 or 0.003567 g KI03 .
The reaction is as follows;
10“ + 7I~ + 8H+  > 4H20 + 4I2 (24)
From this equation it is evident that the equivalent weight 
of periodate is 1/8 the molecular weight. Hence, one ml
0.1 N solution would contain 0.002399 g HICty.
One ml 0.1 N Na2S20 3 = 0.002399 g HICty or 0.002849 g HI04 ,
2H20 or 0.002875 g I<104 .
1 .5 .3 . 1 0  Determination_of_iodate_and_pGriodate_in_admixture
2%£he_two
The procedure depends upon the fact that an iodate does not
react with potassium iodide in neutral or slightly alkaline
solutions, whereas a periodate undergoes the following reactions
I04 + 2I~ + H20  ) 20H~ + 10“ + I2 (25)
The sample is dissolved in water and divided into two equal 
portions•
A. To one portion a drop of phenolphthalein indicator is added 
and the solution made just faintly alkaline by addition of 
alkali or hydrochloric acid, as the case may require. Ten 
millilitre cold saturated solution of sodium bicarbonate
1 .5.3.9 Determination_of__iodates_and_geriodat.es
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are added and excess potassium iodide. The liberated iodine 
is titrated with 0.1 N arsenious acid.
One ml 0.1 N As203 = 0.0115 g KI04
B, To the other portion potassium iodide is added in excess 
and the solution made distinctly acid. The liberated iodine 
is titrated with standard sodium thiosulfate.
1*5.4 Colorimetric methods
1. 5. 4 .1 Determination_of_iodine_by_rneasurement_of_its_cata,lytic 
2llS2ta2ta£b2to2£;L2_2£idation_of_arsenicj( III^ 23)
Notwithstanding a very high favourable potential, the reaction,
As***3 + 2Ce+4 ----> As+5 + 2Ce+3 (26)
does not proceed at an appreciable rate v/ithout the application 
of heat or the use of a catalyst. The presence of iodide causes 
the rate of the reaction to increase in proportion to the 
amount of iodide in solution, thus providing an effective 
method for its determination in the range 0.005 to 0 . 2 0 micro­
grams per sample with a high degree of accuracy. As As+ 3 , As+ ^
+ 3and Ce ions are colourless, the variation of the intensity 
of the orange colour exhibited by the Ce+4 ion provides a means 
for spectrophotometrically estimating the amount of iodine in 
solution. Because the oxidation of arsenic by cerium progresses
continuously in the presence of iodine, rapid measurement is
+4' +3 —necessary. The concentration of Ce , As and Cl which is
added to enhance the reaction time must be closely controlled;
temperature, acidity, and the oxidation state of the iodine
must also be rigidly regulated.
- 25 -
Absorbance of the solution versus the concentration of 
+4Ce does not follow Beer's Law. However, in the region 
+ 4log(Ce ) = 0.4 to 0,8, the variation is a linear one at 
420 nm? maximum absorbance of the solution is at 315 nm, but 
this is not used. Cyanide, mercury, chloride, bromide, osmium, 
silver, thiocyanate, and citrate interfere and should be 
excluded from the solution. Important also is the necessity 
of excluding iodine as an impurity from all regents used.
It has been found 24 ^ that a ratio of As+3 s Ce+4 of 20 : 1 
is optimum for increased sensitivity of the reaction.
1 ,5 .4 .2  T h e^sp ec trop h o tom etr ic^ d e te rm in a tion ^ o f_ iod in e_as
This procedure provides a sensitive method for the determination 
of iodine. The reaction for the formation of the triiodide ion 
from iodine and iodide has been given by Custer and Natelson 2E%
1.5.5 The Electrimetric method
The intermediate oxidizing strength of iodine plus the excellent 
electrochemical reversibility of the iodine-iodide couple, 
combined with the fact that the oxidation-reduction behaviour 
of the element can be directly related to acid-base chemistry 
through the hydrolysis of iodine can be used for the deter­
mination of this element. These methods, along with experimental
7 1 )procedures, have been reviewed extensively in the literature .
It suffices at this point to mention but briefly a few interesting 
and frequently encountered methods of determination. Iodide may 
best be determined potentiometrically by titration with a 
standard solution of AgNCty, using a silver wire indicating 
electrode to reflect the large change in potential at the 
end point. The clarity of the end point in the titration of
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strong iodide (0.1 M) is somewhat lessened by the pronounced 
tendency of the Agl precipitate to absorb iodide prior to the 
equivalence point; low concentrations, however, can be 
determined with great accuracy.
27)MacNevin et al. ', developed a coulogravimetric technique 
which may be applied to the simultaneous determination of 
Br and l“ in aqueous solution; Lingane 2^  developed a 
procedure for the determination of iodide by coulometric
generation of Agl, and Przybylowicz and Rogers 2^ , and
2 7) -DeFord and Hume determined I by coulometric generation
27) -of Hgl. Lingane and Small have determined I by controlled
27)
potential coulometry, and Delahay has described the 
chronopotentiometric reduction of iodate.
Iodine may be determined polarographically at the dropping 
mercury electrode by measuring the anodic wave due to the 
depolarization of the mercury by the iodide.
27)Laitinen, Jennings and Parks ' have successfully employed 
the two-electrode amperometric technique for the simultaneous 
determination of iodide.
1.5.6 The Microdiffusion method
Iodine may be determined by the method of microdiffusion or 
isothermal distillation which makes use of the Conway 
diffusion cell
The solution containing the iodide is placed in the annular 
space separating the two concentric tubes, the inner one of 
which is shorter than the outer tube, A 20 % solution of
- 27 -
potassium  io d id e  w ith  a s o lu tio n  o f  s tarch  is  p laced in  the  
in n e r  w e ll  to  absorb the  io d in e ; K2C r2C>7 and H2SC>4 are next 
placed  in  the o u te r , annu lar compartment, and a cover g lass  
te m p o ra r ily  sealed on top o f  th e  apparatus w ith  petro leum  
- j e l l y  p lus p a r a f f in .  The c e l l  is  then ro ta te d  g e n tly  to  
a llo w  th e  io d in e  to  pass over in to  the  io d id e  s o lu t io n ; the  
r e s u lt in g  s o lu tio n  in  the ce n te r w e l l  may then be t i t r a t e d  
in ^ th e  usual way w ith  a standard s o lu tio n  o f th io s u lfa te ,  
and io d in e  determ ined.
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Part 2,
I
A spectrophotometric investigation 
of iodine species at low concentration
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2.1 Introduction
The existence of many molecular complexes was first recognized 
by observing the colour changes produced in solutions containing 
suitable donor and acceptor species. For instance, certain 
aromatic hydrocarbons, amines or phenol give intensely coloured 
solutions when mixed with iodine or aromatic nitro-compounds.
Thus iodine gives violet to brown solutions in complexing aro­
matic solvents. The absorption bands of these complexes are 
associated with transfer of an electron from the donor to the 
acceptor molecule and are termed charge-transfer spectra. In 
general molecular complexes give rise to broad intense absorption 
spectra in the visible and ultraviolet regions in the spectrum 
due to electronic transitions. These spectra correspond to the 
formation of molecular complexes. As regards other spectral 
features, it is worth noting that the longer the wavelength 
of the charge-transfer band, the greater1 the stability of 
the complex, and the more complete the transfer of the electron 
from thd donor to the acceptor . Furthermore, the shift 
to longer wavelengths may occur from the ultraviolet into 
the visible spectrum, while new bands may make their appearance 
in the ultraviolet regions as a result of complex formation.
An important case is that of a solution of iodine in benzene.
This displays a high intensity absorption peak at 290 nm, which
is absent in the spectrum of iodine in the inert, non-complexing 
29)solvent . It must also be noted in connection w i t h  the 
above benzene or carbon tetrachloride, solutions of iodine 
that the absorption maximum in the visible spectrum of the 
former is only slightly displaced to shorter wavelengths 
relative to that of the violet absorption of iodine in 
carbon tetrachloride , in general, the lack of a characteristic 
visible or ultraviolet absorption spectrum in a solution 
containing an electron donor and an electron acceptor points
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to the absence of a molecular complex. It must be noted, however,
that in dilute solutions the spectra of the products of
31)interaction are the sum of those of the reactants ' , and
that the influence of resonance stabilization must also be
32) 3 3)considered ; solvent perturbation is also of importance •
With these reservations in mind spectroscopic data may be
used with some confidence as evidence in support of complex
formation.
The spectrophotometric method was also used to determine 
stability constants of complexes in solution. The study of 
the ultraviolet spectra of iodine and benzene in carbon 
tetrachloride led to the development of a more accurate method 
for determining stability constants and extinction coefficients
29)
of complexes . This method is based on two assumptions:
first, it is assumed that an appreciable fraction of the
iodine in solution exists in the form of one type of a 1:1
complex with benzene? secondly, the absorption of the reactants
are negligible in the spectral region under study. It is worth
stating that the presence of only one type of 1 :1 complex can
be inferred from the constancy of the molar absorption
coefficient during temperature T changes, or from the linearity
between the stability constant and 1/T in a narrow temperature 
34 )range . In the presence of a large excess of benzene the
optical density d at 290 nm is related to the equilibrium
29)constant k by the Benesi-Hildebrand equation ,
^  = eE * xT + I  <27>
where A is the concentration of acceptor (moles per litre),
XD is the mole fraction of the donor benzene species, d is the 
optical density of the solution of the complex X, £ is the 
molar absorptivity, and jl is the path length, i.e., the
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thickness of the absorption cell in centimetre. This method 
has been used to determine equilibrium constants for a number
The stability constants of addition complexes of aromatic 
hydrocarbons and amines with aromatic nitro-compounds in 
chloroform solution have been studied by a modified Benesi-
following equation for determination of the stability constant 
of the complex of iodine with triethylamine
where k , k' are absorbances at a fixed wavelength of solutions o
containing the same concentration of the iodine but different
concentrations of the amine. The problem of solutions containing
several molecular complexes at once is more difficult. In this
case it is necessary to consider the effect of the presence
of the complexes on the determination of the equilibrium
constant for the formation of a given complex. A more rigorous
treatment involving a spectrophotometric evaluation of
equilibrium constants of molecular complexes has been given
38)by Rose and Drage , who have eliminated some of the
assumptions underlying the Benesi - Hildebrand and the Ketelaar
39)methoas; the latter applies to cases involving overlapping 
bands. The Rose-Drago equation may be written in the form
of complexes e.g. iodine monochloride in aromatic solvents 35 ^
36 )Hildebrand procedure , In order to eliminate the effect
37)of superimposed absorption of iodine, Nagakura used the
Kc
[c D(ko - ] * ■ ) +  c D'.(k  -  ko ) ]  
CDCd ' (k ' -  k)
(28)
K (29)
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where K is the equilibrium constant, A° is the absorbance of 
the initial concentration of the iodine acceptor, CD is that 
of the base (donor), Cty is that of the iodine acceptor, is 
the molar absorptivity of iodine, that of complex, and
A is the total absorbance at any given wavelength for a 1 cm 
cell. The above equation contains two unknowns, K a n d 6c, so 
it is necessary to construct two simultaneous equations from 
pairs of data 3^,38,4o)^ ^his equation has been used to study 
the benzene-iodine system in carbon tetrachloride, the tri­
methyl amine -iodine , biphenyl-iodine, dioxane-iodine and hexa- 
ethylbenzene-iodine interactions. It is claimed that this 
equation is superior to the Benesi-Hildebrand relation, since 
it does not assume the completion of the donor-acceptor 
reaction and it fits nearly all cases, such as band overlap 
or where the extinction coefficient of the complex is a 
constant independent of the base concentration and the bulk 
dielectric constant of the solvent. Equations for stoichiometry 
other than 1 :1 can be derived and applied with success.
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2.2 Experimental
2.2.1 General background
If a beam of white light passes through a glass cell (cuvet) 
filled with liquid, the emergent radiation is less powerful 
than that entering. The diminution in power is generally 
of a different extent for different colours. The loss is due 
in part to reflections at the surfaces and to scattering by 
any suspended particles present, but in clear liquids it is 
primarily accounted for by the absorption of radiant energy 
by the liquid.
The activation energies of chemical reactions are generally 
in the range 10 - 100 Kcal, and so visible or ultraviolet 
light, or X-rays, are required to produce chemical changes.
The absorption of visible and ultraviolet radiation occurs 
only in certain regions of the spectrum, depending upon the 
structure of the molecule. When absorption occurs, the 
molecule is excited to a higher electronic state.
The quantitative treatment of the absorption of radiant energy 
by matter depends on the general principle known as Beer's 
law: Successive increments in the number of identical absorbing 
molecules in the path of a beam of monochromatic radiation 
absorb equal fractions of the radiant energy traversing them.
In terms of the calculus, this may be stated as
~  - kc dx (30)
where I is the intensity of light of a particular wavelength, 
that is, the number of photons per square centimeter per 
second, and dl is the change in light intensity produced 
by absorption in a thin layer of thickness dx and concen­
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tration c.-Distance x is measured through the cell in the 
direction of the beam of light which is being absorbed.
According to equation (30), the fraction of light absorbed 
is.proportional to the thickness, if the fractions absorbed 
are small. The proportionality constant k varies with the 
wavelength of light used, the solvent, and the temperature. 
A._large value of k indicates that the material absorbs 
strongly.
The intensity of a beam of light after passing through b 
centimetres of solution is related to the incident intensity 
I by equation (32) , which is obtained by integrating equation 
(31) between the limits I0 when x = 0 and 1 when x = b.
f 1 b
J_ ££ » -kc[ dx (31)
O  ~~ Jo
In « 2.303 log ~  = -kcb (32)
o o
Since it is convenient to use logarithms to the base 10, the 
Lambert-Beer law is usually applied in the form
log -=r- = A « aCT be (33)X S s
The quantity log(Io/I) is refered to as the absorbance Ag .
It can be' seen from equation (33) that the absorbance is 
directly proportional to the concentration c and-to the path 
length b. The proportionality constant is the absorptivity 
a , which is charateristic of the solute and depends upon the 
wavelength of the light, the solvent, and the temperature.
- 35 -
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The Lambert-Beer law will not be obeyed unless the radiation 
is monochromatic. If the radiation is not monochromatic, the 
absorptivity may vary significantly over the band of wave­
lengths used. The Lambert-Beer law will also fail if there 
- is association or dissociation of the solute because there 
will be a shift of equilibrium between absorbing molecules 
with changing concentration.
The general term for chemical analysis through measurement 
of absorption of radiation is absorptiometry. The term colori­
metry should be applied only in relation to the visible spectral 
region. Spectrophotometry is a division of absorptiometry that 
refers specifically to the use of the spectrophotometer.
2.2.2 Apparatus
Absorption spectra were obtained by use of a Cary Model 17 
Automatic Recording Spectrophotometer, All spectra in the 
present study were measured over the range 185 - 700 nm. 
Absorbance ranges were: 0 - 1  and 1 - 2? 0 - 5 and 0.5 - 1? 
0 - 0 , 1  and 0.1 - 0.2 with automatic range change. The following 
cells were used:
(1) standard cylindrical; lengths were 5 and 10 cm; volumes 
were 12,5 and 25 ml,
(2) standard rectangular; lengths were 0.5, 1,0, 5.0 cm;
volumes were 2.0, 3.0, 12,5 ml. Recorded spectra were usually
of the differential type. For example, the spectrum of a test 
-3solution of 10 M iodine in 4 M nitric acid was obtained 
with 4 M nitric acid in the reference cell.
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2.2.3 Reagents
Iodine was used resublimed GR (Merck), all solutions were 
prepared from high-purity chemicals and distilled and deionized 
- water. The nitric acid solutions were prepared by dilution of 
65 % nitric acid solution (1.4 kg/litre).
2.2.4 Procedure
In making up sample solutions, a concentrated solution was first 
prepared by weighing out iodine in a glass-stoppered 100 ml 
volumetric flask and making up to volume with the appropriate 
solvent. The final solution was then prepared by pipetting a 
portion of this concentrated solution of iodine into a 
separate volumetric flask and making up to volume. The volumetric 
apparatus was calibrated in the usual way by weighing the 
volume of water needed to fill the apparatus to the mark. All 
solutions were freshly prepared directly before making 
absorption measurements.
Exploratory absorption measurements of the iodine solutions 
were made using quartz cells ranging from 0.5 cm to 10 cm 
in length. A matched pair of 1.0 cm quartz cells was used for 
most of the subsequent measurements.
The measurements were made by first filling the cells with
solvent and obtaining a "blank" tracing over the desired spectral
region. The solvent in one of the cells was then replaced by
%
the iodine solution to be measured and a second tracing 
obtained over the same region.
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The distributions were made mostly by adding 25 ml of the 
organic solution to 25 ml of iodine in a 100 ml glass- 
stoppered flask. The flask was shaken for varying lengths 
of time from two minutes to several hours. After each period 
of mixing the layers were allowed to separate and equal 
volumes of the solutions were removed from each phase and 
measured. In order to obtain reproducibility a second series 
of distributions was made. Results of the two separate runs 
agreed within experimental error (approximately 10 %).
The recording of the absorption spectrum of the sample solution 
usually was started at 700 nm and went down in wavelength to 
185 nm.
The time required from zero time to the first absorption 
measurement was usually about 3 minutes.
2,2,5 Precision
Even for a system that shows no deviation from Beer's law, 
the concentration range over which photometric analyses are 
useful is limited at both high and low values. At high concen­
trations of absorbing material, so little radiant energy will 
penetrate that the sensitivity of the photometer becomes 
inadequate. At low concentrations, on the other hand, the 
error inherent in reading the galvanometer or recorder will 
become large compared to the quantity being measured.
In many photoelectric instruments, if the error in reading 
(reproducibility) is 0 , 2 percent (a resonable value with modern 
instruments), then the relative analysis error is about 0 .6  
percent.
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For the Cary 17 the photometric accuracy is within - 0.002
4.
absorbance units in the 0 - 1  range, and - 0,005 near an 
absorbance of 2 when read on the fixed scale. Recorded
4.
accuracy may be slightly less - about - 0,008 - because of 
paper shrinkage and slip page. An accuracy within 0.0005 may 
be obtained by using the 0 - 0 . 1  range.
2.3 Hydrolysis of iodine
+
2,3,1 Photolysis of water
The discussion of individual photochemical reactions in solution 
may conveniently begin with some inorganic reactions, and the 
photochemistry of water is an obvious starting-point. Water 
absorbs radiation to a significant extent at wavelengths below 
200 nm and the spectrum of the vapour is continuous to a first 
peak at 165 nm. There is sufficient energy in this wavelength 
region for either primary reaction (34) or (35) to take place:
H 20 + hv — » H 2 + *0 -117 Kcal/mole (34)
H 20 + hv — ♦ *H + *0H -118 Kcal/mole (35)
Reaction (34-) was postulated as the primary photolytic step
41) 4 2)by Goodeve and Stein , although Herzberg subsequently
showed that it would require an excitation energy considerably
43)in excess of 117 Kcal/mole. Barrett and Baxendale have
confirmed that reaction (35) is the important primary process,
44)Thomas and Hart 7 suggested that only hydrogen atoms and 
hydroxyl radicals are produced in the photolysis of water at 
a wavelength of 180 nm. It is of interest that while radiolysis 
of water produces hydrated electrons as the dominant reducing 
species, in the photolysis their yield must be less than one- 
tenth of the hydrogen atom yield. Another difference between
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radiolysis and photolysis is that 50 % of the hydrogen atoms 
produced in- the former process, and only one-sixth of the 
hydrogen atoms in the latter process, give hydrogen gas by
• H + .H * H2 (36)
The free-solution electron model was supplanted by one in 
which the electron was transferred to an intimately contiguous 
water molecule. Following photoionization, the water molecule 
dissociates immediately, for example;
I~(H20) .i + .H + OH" (37)
2.3.2 Resolution of iodine spectra in water
Aqueous solutions of iodine exhibit absorption maxima in the 
neighborhood of 285, 350 and 460 nm. The first two of these 
peaks are attributed to the triiodide ion and the longest wave
. .length peak is due to solvated iodine.
X 2 (aq) * H 20 = HOI + l" + H* (3)
I2 (aq) + H 20 = H 20X+ + i" (4)
3l2 (aq) + 3H20 = 1 0“ + 51“ + 6H+ (5)
1 2 ( aq) + I "  = I 3 ( 2 )
The triiodide ion in these solutions is formed as a result of 
the reaction of iodine with the iodide ion produced by hydro­
lytic reactions of iodine (eq. 3, 4, 5), The rate of production
45)of hypoiodous acid is known to be very rapid . In any case 
it would be possible to form the hydr*ated iodine cation by 
rapid addition of hydrogen ion to hypoiodous acid, so that 
the rate of establishment of the equilibrium represented by eq. 4 
must be rapid.
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Reaction (2) is also quite fast. Since equilibrium according 
to reactions (3), (4) and (2) can be established in freshly 
prepared iodine solutions, then, if there is no other iodide 
ion present from impurities, the concentration of iodide pro­
duced must be equal to the sum of the concentrations of 
hypoiodous acid and the hydrated iodine cation 4 6 b
The concentration of iodine can be determined from the absorbance
of the freshly prepared iodine solutions at 460 nm where the
absorption is almost entirely due to solvated iodine. A spectrum
is shown in Fig, 2-3-1, In this spectrum, the concentration
of the tri-iodide ion may then be determined from the absorbance
of the two peaks at 285 and 350 nm after subtracting the
absorption due to iodine (peak at 460 nm, see Fig. 2-3-2). It
was noted that the concentration of triiodide ion increased
with time as evidenced by an increase in the absorbance at
285 and 350 nm. The rate of increase was very low in water
solution. It may therefore be taken as proved, that the time
dependence in the ultra-violet absorption of iodine solutions
is due to the absorption by triiodide ion gradually formed
(Fig, 2-3-1 and 2-3-3). The absorption spectrum of triiodide
47)ion was studied by Awtrey and Connick in triiodide ion 
solutions containing 0,049 M I from 270 to 590 nm. From the 
above experiments it was noticed that at different iodide con­
centrations the absorption peaks of triiodide ion remained at 
the same wavelengths, but the absorbance varied with the iodide 
concentration. The absorption spectrum of triiodide ion was 
found to be a linear function of the l” concentration in the 
wavelength range from 400 to 280 nm.
Furthermore, we may expect that, unless the reactions are of 
the same order, the relative velocities will vary with the 
dilution of the solution. That is, the relative magnitude of 
the opposing effects will change the value of the ratio [l2] / [h i ]
- 41 -
« 42 -
eouoqjosqv
- 43 »
eauDqjosqv
44 -
in the same way with the dilution of the solution depending 
on the actual orders of the opposing reactions. The oxidation 
reactions in the dilute solutions overpower the reactions 
involving decomposition of the iodine more rapidly and at an 
earlier stage in the formation of hydriodic acid and hydrogen 
triiodide than in the more concentrated solutions. Thus, with 
increasing dilution, there is a decrease in the reaction time 
and the intensity of the triiodide ion absorption (relative to 
the initial concentration of iodine). For example, the absorption 
spectrum of a solution of concentration 2 x 1cT4 M of iodine 
had attained a steady state in less than one hour, the 
absorbance of the three peaks at 285, 350, and 460 nm maxima 
being Represented by log(I2)/(l“ ) = 0,98, 0.71 and 0.16 
respectively (Fig. 2-3-1), It should be pointed out that the 
iodine (I2 ) concentration was 50 to 100 times greater than the 
triiodide ion (I3) concentration even though the peaks were 
approximately equal in height. This is caused by the small I2 
molar absorptivity (742 at 461 nm) as compared to the 1^ molar 
absorptivity (40,000 at 288 nm and 26,400 at 350 nm)
2*3.3 Discussion
Let us consider the possible chemical species causing these 
changes in the absorption spectrum I2 + I*" = I^j the equilibrium 
is probably reached instantaneously and the amount of hydrogen 
triiodide -present at any instant will be measured by k[x2]* [hi] , 
where K is the equilibrium constant of the reaction. If these 
reactions proceed without any complications, the concentration 
of the triiodide ion will pass through a maximum, being zero 
when [Hi] is initially zero, and approaching zero again when [l2] 
finally approaches zero. On the basis of the law of mass action 
it can be shown that the maximum concentration will occur at 
the same time between a 30 % and a 50 % decomposition of the 
iodine, according to whether the value of K approaches infinity 
or zero.
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With regard-to reactions (2) and (3), it must be stated that
hydrogen triiodide is oxidized by dissolved oxygen, since
hydriodic acid is itself a strong reducing agent, the oxidation
being partly thermal and partly photochemical. The solubility
-3-of oxygen in water at S.T.P, is 1.52 x 10 mole per litre?
therefore the oxidation according to the equations
4HI + 02 -- > 2H20 + 2I2 (38)
4HI3 4 02 --- ► 2H20 + 6 I2 (39)
may be considerable, especially under the influence of the 
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ultra-violet radiation .
We may assume that to some extent the reverse reaction of 
reaction. (3) will take place. However, any appreciable opposing 
effect in reactions (38) and (39) is unlikely. Initially, 
formation of hydriodic acid will commence at a certain rate by 
reaction (3)• This would tend to attain a definite equilibrium 
state, or photostationary state, corresponding to some definite 
ratio between the concentrations of iodine and' hydriodic acid.
The rate of formation of triiodide ion by reaction (2) will be 
governed by the rate of formation of hydriodic acid. The 
presence of this reaction (2), removing equimolar quantities 
of iodine and hydriodic acid, will itself produce a retarding 
effect on the rate of reaction (3) from left to right. If 
reactions (2) and (3) alone were proceeding undisturbed, and 
if the extent of the formation of hydriodic acid corresponding 
to the photostationary state were sufficiently advanced, the 
amount of hydrogen triiodide present, in the ultra-violet region, 
would pass through a maximum. Actually, there are factors which 
will tend to disturb this course. As the concentrations of 
hydriodic acid and hydrogen triiodide increase, reactions (38) 
and (39) will take place in increasing extent, to give back 
the original iodine, until the opposing effects on the value 
of the ratio of iodine to hydriodic acid will balance, the
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ratio being temporarily constant. In the iodine solution, the 
iodine would eventually be completely converted into hydriodic 
acid. The concentration of triiodide ion would pass through 
a maximum at some value [i2]/[hi] depending on the value of 
the equilibrium constant,
50)According to Mulliken's explanation , the dissociation of 
iodine in water involves an electron transfer from oxygen to 
one of the iodine atoms, the other remaining essentially a 
free radical associated with the electron-deficient oxygen.
The existence of hydrated I deduced from the dissociation
■f -  132)constant for reaction I2 = I + I obtained by Bell and Gelles
indicates that theory must also allow for electron transfer
between the two iodine atoms. The amount of I*1" which forms by
this dissociation is small, but it achieves importance in
relation to the theoretical explanations of the absorption
spectrum of iodine in water. The existence of the non-iodide
*Fmember of Mulliken' pair ( tyo)  I to a significant concentration 
seems unlikely, since inspection shows the formulation to be
-i.
rearrangeable to H *OH»I, containing two free radicals.
Iodine forms brown solutions in water and certain other similar 
solvents. For some of these the spectroscopic evidence is 
conflicting, probably because of chemical reactions. Allowing 
for these possibilities, the evidence 2 9r5 1f5 2 >53) seems to 
be consistent with the existence of a class of complexes between 
iodine and molecules of the type HOH Or ROR' (alkyl or other 
group = R, R'), with a characteristic absorption having its 
maximum between 450 or 460 and 480 nm.
The considerable shift and broadening of the iodine visible 
absorption in the reaction
has been very appreciably changed due to a change in the
valencb structure of the iodine molecule in the complex. As
50)the only possible answer was discussed 7, a structure in
which an electron of the lone pair of the oxygen atom is
partially transferred to the iodine? the ionization potential
of- this electron undoubtedly corresponds to the observed minimum
54)ionization potential of HOH 7. For example, it is 12.61 e.v. 
for water. The existence of stable H20*I2 complexes can be 
understood in terms of a van der Waal H20*l2 structure, with 
two additional resonance forms of the type
H
(a)
H
and •
(b )
Type (a) resonance corresponds to one homopolar 0-1 bond plus 
one ionic 0 I bond, type (b) to a three-electron I-I half-bond 
(I2 structure) plus one 0+I~ bond. The percentage of type (a) 
structure in the wavefunction should depend in part on the
4.
strength of the 0 -I bond, and this in turn must depend on the 
0-1 distance. For van der Waal contact, the 0-1 distance may­
be about 3.2 S. The actual distance may be estimated as some­
what less. If the normal 0 - 1 bond length is 2 .0 -S, and the
+0-1 bond energy follows a Morse curve, the 0 -I bond energy 
at 3,0 8 should be about one-third to one-fourth that for
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normal bond length. Although this is not large, it may be 
enough to promote type (a) resonance and help stabilize the 
complex to an appreciable extent.
2.4 Iodine and iodide in nitric acid solution
2.4.1 General
In nitric acid solution the species N02 and NO are assumed 
to play a significant role in the course of the oxidation of 
iodide as discussed in § 3.3.2.2.
Nitrogen dioxide is best treated theoretically in connection
with its positive and negative ions, Walsh has investigated
in a general way the molecular orbitals, shapes, and spectra
5 5 )of different types of smaller molecules » Recently a
number of semiempirical calculations on N09 have appeared in
*  66)the literature, using different methods of approach: McEwen's
i
calculation -has considered explicitly all electrons in 
interaction. Fukui and coworkers apply the extended Hiickel
treatment to N02 and its ions. Different authors have investi­
gated the relative role ,60^61 ,62 ,63) p^ayecj ^ y a^i electrons
in the formation of the dimer ^2^4 * Tbe mebhod of "nonpaired
spatial orbitals", applied to the electrons of NC>2 , NC>2 and
N09 , has been compared to valence bond and molecular orbital 
6 4)calculations . The ionization potentials on nitrogen dioxide
6 5 )are observed: (a) 9.9 eV, estimated by Kandel , (b) a value
6 6)>11,7 eV, assessed by a photo-ionization technique , (c)
12,3 eV, from Rydberg series and (d) 13.98 eV, detected
6 8)by electron impact , The electronic spectrum of N02 consists
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of extensive absorptions in the visible, between 910 nm and
320 nm, in the near ultraviolet, mainly between 260 and 200 nm
Detailed assignments of the N09 spectrum remain tentative
however and open to discussion ' . Measurement of the dipole
moment of N09 by the microwave Stark effect yields a value of 
69)0.29 D K3y) ,
The first electronic transition in N02 produce a complex pattern
of absorption bands throughout the ultraviolet and visible
regions of the spectrum. The second electronic transition in
N09 show a sharp predissociation limit, at 397 and 248 nm,
70)respectively . At wavelengths between 235 and 200 nm there
71)is a third system of diffuse bands .
The N 02 shows strong absorption in the range 258 to 235 nm 
associated with excitation of an electron from the double 
occupied orbital into the half-filled orbital . The upper 
orbital is only weakly antibonding and the rotational Domain 
sharp at the longer wavelengths, but at 248 nm the rotational 
structure becomes diffuse and predissociation sets in. At 
this wavelength the absorbed energy carries the molecule into 
a vibrational level which overlaps a continuity in a neigh­
bouring electronic state. The potential energy surface of the 
two states intersect and radiationless transition probably 
results in the predissociation
N02 + hv = NO + 0 (<248 nm) (41)
As a more attraction alternation, Pitts, Sharp and Chan have
persuasively argued the case for the photoselection of NCty
molecules from upper rotational of vibrational levels of the
72)ground electronic states , Increasing the temperature re­
flecting the rise in the thermal population of NCty molecules 
in excited rotational levels. Oxygen atom react with undecomposed 
N02 to give NO^ and vibrationally excited oxygen. The transient
absorption band of NCty (at 662 and 624 nm) , and of 02 have 
both been photographed immediately following flash photolysis 
of N 02 under isothermal conditions in the near-ultraviolet ^ 3 , 1  A)  ^
_The paramagnetism of NO, which is dormant in the nitroso group, 
comes out very strikingly in nitroxides. In the near ultra­
violet spectrum various nitroxides compounds show a
7 3  7 \
band at about 240 nm ' • In the visible there appears an
— 77 78)absorption at about 450 nm r .
2.4,2 Results and Discussion
Allen and Keefer 43 %  Eggleton and others have expressed
the equilibria in iodine containing solutions at pH-values 
down to 1 (approximately 0.1 M acid) in terms of the four 
reactions
I2 (aq) + H20 = H 90IH' + I™ K 1 (4)
I2 (aq) + H20 = HOI + H* 4 l“ ‘ K2 (3)
3l2 (aq) + 3H20 = I0~ + 5l“ + 6H+ K 3
i
(5)
I2 (aq) + I™ = l~ k4 (2)
Since equilibria (4), (3), (2) are established in freshly
prepared iodine solutions and equilibrium (5) may be neglected,
99)Davis and Kibbey derived the following equation to relate 
the acid, iodine and triiodide concentrations:
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where r is-the mean ionic molar activity coefficient.
1)Eggleton presents the following values of the equilibrium 
constants for 25°C: *= 1.2 x icT11? K2 = 5,4 x 10~13;
= 768, Concentrations are in units of moles liter~\ Using 
these constants in Equation (42) we calculated the product 
(X3)*r for a few conditions under which we recorded spectra 
of iodine-containing solutions. If we use the nitric acid 
activity coefficients of Davis and deBruin the activity-
coefficient has a value of 0.796 corresponding to 0.1 M nitric
acid solution, Thus the expected concentrations of l" are
— 8 ' ~7,9 x 10 M; this corresponds to 0.0079 % iodine as i” in
0.1 M HNO^. But, the observed absorbance of the 1^ band of 
10 3 M I2 in 0 . 1 M HNO^ is much higher than the calculated 
value. This descrepancy shows that equation (42) is seriously 
in error for dilute nitric acid solutions and can be expected 
to be even more erroneous for the more concentrated solutions.
When a low concentration of iodine was kept in 0.1 M nitric acid
solution, the absorption remained unchanged for several hours.
In view of the evidence that the normal absorption peak of
iodine at 460 nm had been shifted into the ultraviolet
region we have assumed that some interaction like that of
iodine in water solutions is taking place. A more detailed
investigation indicates that iodine in the low concentration
-4range lower than 10 M reacts with 0.1 M nitric acid solution 
almost instantaneously to form iodide ion; the iodide ion 
evidently establishes equilibrium with remaining iodine very 
quickly to form the triiodide ion, which gives the strong 
ultraviolet band. There is evidence that the triiodide ion in 
0 . 1 M nitric acid solutions has an intense absorption peak in 
the ultraviolet region (Fig. 2-3-3). When iodine solution 
containing a small amount of dissolved potassium iodide was 
added to a 0,1 M nitric acid solution the charactertic peak 
in the ultraviolet region instantly appeared and the free iodine
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peak was not obtained (Fig, 2-3-4). We did not measure the 
reaction rate because of the low concentration used (lower 
than 5 x 1 0  M ) • It seems evident that the small amount of 
iodine reacted completely within the time required to make 
up the solution.
The absorption due to the iodine in 4 M nitric acid solutions
is shown in Fig, 2-3-5 and 2-3-6. In both figures the absorption
maximum at wavelength 460 nm is very pronounced. An example of
the utility of visible-ultraviolet spectroscopy for some
standard iodine species in 4 M nitric acid solutions is shown
in Fig, 2-3-6. Studies of the kinetics of the oxidation of iodine
by 4 M nitric acid indicate that the oxidation proceeds in at
least three sequential steps. In our experiments, initially
— 3the solution consisted of 10 M potassium iodide in 4 M nitric 
acid solution; the reference cell contained also 4 M nitric 
acid. In this solution., at the shortest ageing time, 5 minutes, 
the spectrum is much like that of iodine in 0.1 M nitric acid 
solution; this means that iodide ion is being oxidized to 
iodine, which combines rapidly with more iodide ion to form 
triiodide ion. The oxidation of iodide ion proceeded until 
all of the iodide ion had been converted to triiodide ion, 
which lasts about ten minutes; then a very rapid oxidation of 
all triiodide ion to iodine (I2 *aq) occured, which is proven 
by the absorption at wavelength 460 nm as shown in Fig. 2-3-4-1. 
After 15 minutes maximum peak height was attained indicating 
complete formation of I2*aq. The oxidation was accompanied 
by the formation of nitrogen oxides or nitrous acid; therefore, 
the spectrum of triiodide ion in the ultra-violet region is 
shifted to the visible region. The absorption peak as shown 
in Fig. 2-3-6 in the ultra-violet region is due to nitrogen 
oxides. There is evidence that the nitrite in 4.M nitric acid 
solutions has an intense absorption- peak in the ultra-violet
A
b
so
rb
a
n
ce
- 53 -
-5*10’
-3 F ig .2-3-4 
Resolution of 10'5M IJ 
spectra in 0.1 M HNO3
*10'5MI2
10"5M f
-4
—3^10
-3
-3-1*10
-0
-M O "3
--2
1 .0  cm re c ta n g u la r  c e l l  
Abs.range = 0 .1  
Pen p e rio d  -  1 
Scan speed = 1 nm/sec 
( 30 nm /inch ) 
R eactio n  tim e = 5 min
— 3
-4
“ ~5*10~3
- i----
250
Wavelangth (nanometers)
300 350 400
- 54 -
eouaqjosqv
W
av
el
an
gt
h 
(n
an
om
et
er
s)
—
1
- 55 -
- 56 -
W
av
el
an
gt
h 
{n
an
om
et
er
)
Fi
g.
 2
-3
-4
-1
 
S
pe
ct
ra
 
du
ri
ng
 
th
e 
ox
id
at
io
n
 
of
 
10
‘3 
M 
KI
 
in 
4M
 
H
N
O
, 
to
I2
W
av
el
an
gt
h
 
(n
a
n
o
m
et
er
s)
-  58 -
region (Fig-,- 2-3-7) • At present we cannot assign this band to 
any particular nitrogen oxide. Furthermore, the high absorption 
by 4 M nitric acid in the reference cell has prevented measure­
ment of absorption at wavelengths below about 320 nm as shown 
-in Fig. 2-3-5, 2-3-6, 2-3-7.
2.J5 Interaction of iodine with organic solvents
2.5.1 General
It is a familiar fact that iodine forms violet-coloured 
solutions in certain solvents, brown solutions in others. in 
some solvents, for example benzene and methylated benzenes, 
it f;6rms solutions of intermediate colour. The most usual, 
although not universally accepted, explanation of the brown 
solutions has been that the altered colour results from for­
mation of molecular complexes,
29)Benesi and Hildebrand using spectroscopic methods, have
shown definitely that benzene and mesitylene form 1 :1 complexes 
of considerable stability with iodine. For solutions of iodine 
in these substances as solvents, they found that 60 or 85 %, 
respectively, of the dissolved iodine is present in the com­
plexes. This work lends support to earlier strong but less 
conclusive evidence.
The existence of specific 1:1 complexes was assumed as established
in all cases except for the violet-coloured solutions by 
5 0 )
Mulliken . The present conclusions are in general agreement 
with the view of Fairbrother and of Benesi and Hildebrand who 
suggest that the complexes result from "an acid-base inter­
action in the electron-donor sense" in which iodine functions
- 59 -
Although the existence of molecular complexes has long been 
79)recognized , and the basis for understanding them in terms
80)- of acid-base theory has long existed 9 , interest in the
subject received a strong stimulus in 1949 with the discovery
of a new absorption band in the ultra-violet spectrum of
solutions of iodine in benzene, which was characteristic of 
—  29)a complex . Not only did this observation provide a means 
to study this complex and the many others which show an 
analogous and characteristic new absorption band, but also its 
interpretation led to an extension of the Lewis acid-base theory 
in a quantum-theoretical form which provides the basis for the 
interpretation of a wide variety of phenomena associated with 
molecular complexes ,82+85)  ^ since then the field has been
O r \  Q 7 \
extremely active » The first review emphasized experi­
mental aspects, particularly for one-to-one complexes involving 
an aromatic hydrocarbon as one partner. This review is 
especially valuable for its historical coverage, particularly 
of the early ideas explaining why the complexes are stable, 
and also for its discussion of experimental techniques and its 
survey of types of interactions. The spectroscopic aspect of 
the subject was discussed by Orgel in a general review of
charge-transfer spectra with special emphasis on molecular com-
89)plexes. In 1958, McGlynn reviewed the subject from the point
of view of the theorist, with special emphasis on spectroscopic
aspects, and pointed out some apparent difficulties in reconciling
theory with experiment. After this time, one of the most interesting
90)was a brief review by Briegleb and Czekalla emphasizing 
spectroscopic studies. This review is especially valuable because 
it presents intensive new data which the authors make a deter­
mined effort to correlate quantitatively with theory. Some of
91)the theoretical aspects have been reviewed by Murrell , who 
gives special emphasis to the problem of the intensity of the 
charge-transfer band, and to intramolecular charge-transfer spectra.
as the acid,., or electron-acceptor.
Mason h_as given an excellent summary of the spectroscopic 
phases of the subject and clear presentation of the main 
points, with proper balance and emphasis, correct critical 
evaluation. A recent review by Andrews & Keefer ^3^ , Rose ,
-Mulliken & Person , Yarwood and Foster deal with 
molecular complexes in organic chemistry.
2.5.2 Results and discussion
The absorption of light by solutions of iodine in carbon 
tetrachloride, chloroform, n-heptane and dodecane have been 
investigated from 186 nm to 700 nm. Deviations from Beer's 
law occur in the region below 430 nm. In the visible region 
the apparent absorbance of iodine is a linear function of its 
concentration.
The absorbance of solutions of iodine in carbon tetrachloride 
(Fig. 2-3-3-1), chloroform (Fig. 2-3-3-2) , n-heptane (Fig. 2-3-3- 
and dodecane (Fig. 2-3-3-4) , 10 3 M to 10 8 M, was determined 
at 25°C in the spectral region from visible to ultraviolet. In 
general, molecular complexes of iodine may be detected by 
observing the decrease in absorbance at the absorption maximum 
of iodine in the visible region from 510 nm to 520 nm.
The results of our absorption measurements of iodine in the 
organic solvents are summarized in Table 2.5.1 and Fig. 2-3-8-1. 
The absorbance of iodine in the visible region is not a true 
molar absorptivity, for it is based on the concentration of 
iodine, not on the concentration of complex which had presumably 
formed.
92)
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Fig.2-3-8-1 R e so lu tio n  o f iod ine  sp ec tra  in  v is ib le  reg ion
Table  2 ,5 .1  A bsorption  maximum and absorbance 
o f  0.001 M io d in e  s o lu t io n
V io le t ,  s o lu t io n s | Brown s o lu t io n s
| Solvent ^ max % a x Solvent
A max Amax
nm nm '
c c i 4 514 0 .8 6 h 2q 460 0 .9 0
CHC15 512 0 .8 8 4M HN03 465 0 .6 5
° 7 H16 520 0 .8 4
C12H26 520 0 .8 3
A: Absorbance
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Since no deviations from Beer's lav; are noted in the visible, 
it is probable that only small amounts of complexes are formed 
and that these complexes have extremely high absorbance in 
the ultraviolet where deviations from Beer's law become 
appreciable. The similar form and intensity of the spectra of
29)iodine in the vapor state and in "violet" solutions indicate 
that complexes are not formed.
In considering solvent complexes, it will be useful to reviev;
the existing knowledge of the structure of the iodine and its
spectrum in vapor and in inert solvents. The theory of the
normal and lower ekcited electronic states has been discussed,
95)in particular by Mulliken '. It has been shown that each of 
the heavier iodine species must possess a remarkably large number 
of excited electronic states in the energy range up to 6 ev., 
corresponding to numerous absorption transitions extending 
from infrared throughout the ordinary ultraviolet. However, most 
of these transitions are forbidden in the homopolar iodine by 
rigorous selection rules, while most of the remainder are pre­
dicted to be weak.
Several authors ^0,98) ^ave suggested that the low absorption 
found with iodine dissolved in inert solvents near 280 nm may be 
the same band reported for iodine vapor. The low intensity 
absorption band is due to a contribution by unassociated iodine 
plus a l 2 “ I 2 COIT1P^ex absorption band, than at any given wave­
length
Dobs “ DI2~ i2 + °I2 ' (43>
where Do^ s , D^ . , and are the observed, complex, and free
iodine absorbance, respectively.
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Since
K = V (Ca-C 4)2 = C 4/Ca if C a >>J C4 ' (44)
where K is the equilibrium constant for the reaction
T2 + I2 ~ I2’’I2 and C a and C4 are ^ ie tQtal i°dine and complex 
concentrations ,
K i c c a + ' <45>
where £  “ D0k s/C a f 6C and £ j . are the absorptivity of the 
complex and unassociated iodine at the same wavelength.
The band around 500 nm in the spectra of.unassociated iodine
in carbontetrachloride, chloroform, n-heptane and dodecane varies
SajD-Ixt temperature. This means that this band in inert solvents
is not the result of vibrations or collisions of the iodine
molecules . The second band in the ultraviolet reqion in these
9 8 )spectra is in accord with Evans1 conclusion that the formation
of a charge-transfer of collision complex between these solvents, 
especially carbontetrachloride and iodine molecules occurs 
(Fig. 2-3-8). Other possible explanations of the low absorption 
band of unassociated iodine in carbontetrachloride are:
(1) This ultraviolet band may not be a charge-transfer band, 
but characteristic of the iodine spectrum. The hypothesis 
would be difficult to test but the presence of many weakly
1 o1 )allowed bands in the absorption.spectrum of gaseous iodine 
suggests that this state of affairs may occur.
(2) Solvent perturbation may result in some very weak or for­
bidden transition of iodine becoming weakly allowed as suggested 
29)by Mulliken , The absorption spectrum of the associated iodine
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species (I2“I2 ) falls rapidly below 280 nm to zero. The
absorption of iodine near 280 nm, both in iodine vapor and
in iodine solutions, does not obey Beer's law. This absorption
is explained as being due to absorption in part by I2 and in
part by the iodine dimer, I.. In solution, deMaine and
4 8)Keefer and Allen have been able to separate the absorptions 
that are attributable to I2 and to 1^, They have also obtained 
the heat of formation for 1^ and find it to be of the same 
order of magnitude as for the benzene*I2 complex, McConnell 
has pointed out that on the basis of the relationship between 
frequency and ionization potential of iodine the frequency of 
the absorption corresponds to that predicted for a charge- 
transfer band of I4 regarded as an coinP^ex stabilized by
two way charge transfer in stabilizing 1^. The presence of
this dimer does not interfere in studies of iodine complex 
where the iodine concentration is low. Then the amount of dimer 
is negligible.
It is of some interest to speculate on the nature of the iodine- 
iodine complex. If the absorbance of the complex does not change 
with the temperature, then,since the reaction x2 + I2 ” I2
is exothermic(a h  = 1,96 kcal/mole) the 12-12 absorption band 
(maximum near 285 nm) cannot be due to collisions of the iodine 
molecules alone. Also, the heat of formation of the complex 
(4H = ^1.96 kcal/mole) appears too large to attribute to 
classical chemical secondary forces between the iodine molecules. 
It is therefore possible that the primary bonding forces are due 
to the formation of a charge-transfer complex between two iodine 
molecules.
Numerous electron donor molecules with electronic ionization
potentials around 8-11 electron-volt may form donor-
acceptor or intermolecular charge transfer complexes with iodine
which is an electron acceptor. Since iodine itself has a relative
low ionization potential of 9.41 eV it is of interest to
inquire whether of not iodine could serve as the donor partner
102)in some molecular complex, McConnell ' had evidence that 
iodine may exhibt this amphoteric character as a self-inter-
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molecular charge-transfer complex with the formula I^. 
Donor-acceptor complexes between various donor molecules and
a,
iodine frequently show strong intermolecular charge-transfer 
transition. McConnell, Ham, and Platt have pointed out
the existence of a semiempirical correlation between the 
energies of these charge-transfer excited states and the 
ionization potentials of the donor partners in molecular com­
plexes containing iodine as the acceptor. The equation
expressing this correlation is E = 0,67 I - 1.9 (in eV),
P
where E is the energy of the charge-transfer excited state 
(relative to the energy of the ground electronic state of the 
complex), and I is the ionization potential of the donor
Ir
partner in the complex,
Kbrttlm and Friedheim have found an absorption band in the
spectrum of iodine vapor at 267 nm which they attribute to 
loosely bound molecules. If this absorption band is inter­
preted as an intermolecular charge-transfer transition, then 
the energy of the charge-transfer excited state is 4.66 eV.
By taking = 9,41 eV for ty, from E = 0.67 I - 1.9 gives 
a calculated value of the excited state energy E equal to
4.4 eV, These agreements of calculated and experimental values 
of E provide evidence that the 267 nm band of 1^ is a charge- 
transfer band and that intermolecular charge-transfer forces 
are important in the interaction of two iodine molecules.
There are a number of interesting and unanswered questions 
concerning possible changes from the electronic spectrum of 
free to the spectrum of the corresponding "locally-excited" 
I2 transitions that should occur when the iodine molecule has 
entered a complex? for instance,one might- expect that the 
lowered symmetry of the I2 in the complex could result in the 
appearance of various locally excited transitions whose 
analogues are forbidden in the free molecule.
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Recent studies have confirmed older ideas that in its violet 
solutions, iodine exists essentially free, but that in its 
brown solution it forms 1:1 molecular complexes with the solvent. 
The strong visible absorption of I2 vapor with maximum at 
520 nm is essentially unchanged in "violet" solvents, but in 
solutions where it forms complexes this peak is shifted toward 
shorter wavelengths; this accounts for the altered colour.
In addition, we can summarize the older ideas of the various 
types of the interaction which can take place between iodine 
and solvent, and the corresponding changes in the absorption 
spectrum of the solutions.
(1) In violet solutions in inert, non-polar solvents, the 
interaction is probably due to van der Waals forces only. The 
maximum absorption is at about 510 - 520 nm and the colour
of these solutions is very similar to that of the vapor.
Benzene, although it is a non-polar solvent, is exceptional.
(2) In polar solvents which do not have much chemical attraction 
for the iodine molecules there is an attractive force due to 
polarisation of the iodine molecules by the electrical field
of the solvent molecules. The maximum absorption may be dis­
placed to 490 - 500 nm and the solutions are violet-red in 
colour. The magnitude of the displacement (up to about 20 nm) 
is of the order to be expected from an attractive force of 
the van der Waals type,
(3) In solvents of the class described as "unsaturated", chemical 
valency forces result in the formation of molecular addition 
compounds between iodine and solvent molecules. The maximum 
absorption is displaced to about 440 nm and the solutions are 
brown in colour.
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(4) With many of the solvents of class (3) further chemical 
reaction occurs in which an iodine atom replace a hydrogen atom in 
the solvent molecule, with the primary formation of hydrogen 
iodide, and then, as a secondary reaction, of hydrogen tri­
iodide, This is accompanied by a gradual disappearance of 
the brown colour and by the appearance in the absorption 
spectrum of the more intense bands at 350 and 285 nm characteristic 
of hydrogen tri-iodide. This species is formed, particularly in 
the dilute iodine solutions.
2.6 Distribution coefficient of iodine between aqueous and 
organic solvents
2,6.1 General
The distribution of iodine between carbon, disulfide and aqueous
5)solutions was reported . In this study it was found that more
iodine, in various chemical forms, appeared in the water phase
than could be accounted for by considering the well-known
iodine equilibrium reactions. The discrepancies became more .
pronounced as the total iodine concentration in the system was
decreased. Attention was drawn to the fact that similar results
4)were obtained by Kahn in a study of the distribution of
iodine between benzene and water. Other investigators have also
found anomalous behaviour in dilute iodine solutions. Examples
are (1) the studies made by Reid and Mulliken in a dilute
solution of iodine in pyridine where excess tri-iodide appeared
as the iodine concentration was decreased? and (2) the investi-
1 081gation of the ionization constant of iodine by Katzin where
the value obtained for the constant increased as the iodine 
concentration decreased? (3) the distribution of iodine between 
carbon tetrachloride and water was studied by Wille and Good
- 73 -
In the latter study, discrepancies between calculated and 
experimental distribution coefficients for low iodine concen­
trations were reported using both tracer and spectrophoto­
metric methods. No definite conclusions were made to account 
for the results,
To further study this interesting iodine behaviour, a distribution 
study of iodine between carbon tetrachloride, chloroform, 
n-tieptane, dodecane and water or 0.1 M nitric acid solutions at 
20° to 50° was carried out. Using this technique for concentrating 
very dilute iodine solution it was possible to increase the 
concentration range accessible with the spectrophotometric method.
2,6,2 Results and Discussion
The absorption spectra of the various aqueous and organic solutions 
of iodine were obtained. Calibration curves were constructed 
using 10 3 to 1 0 ^  M of iodine in water, 4 M H NO^, CCl^, CHCl^,
C7H 16 and C 12H26*
The absorption measurements for iodine were the same for each 
of these solutions, and the resultant calibration curve was 
linear over the entire range of iodine concentration (see
Fig. 2-3-1-1, 2-3-3-1, 2-3-3-2, 2-3-3-3 and 2-3-3-4). The 
distribution coefficients of various runs are listed in table 
2-6-2 to 8.
Since iodine exists in its violet solutions as the free iodine 
molecule, one should be able to study the aqueous reactions of 
iodine by distributing it between one of these solvents and 
aqueous solutions. Extraction techniques were employed in an 
attempt to determine the chemical state of the iodine in the aqueous 
phase after a distribution had been made. It is seen from 
tables 2-6-1 and 2-6-3 that in a typical run 20 ml of the aqueous
- 74 -
solution containing iodine was shaken for five minutes with 
equal volumes of pure organic solvent, and about 10 ml of each 
layer measured (depending on the concentration of iodine and 
cell used); about 90 % of iodine was found in the organic 
.solution. The same procedure was repeated, using 20 ml of 
organic solvent containing iodine. Only about 0.5 % of the 
iodine could be back-extracted into the aqueous phase (ab­
sorption maximum measured at 460 nm), see table 2-6- 1 , It can 
be assumed that the iodine in the aqueous phase exists in a 
.reduced form as l" and HOI, since these chemical states of 
iodine are known to exchange quite rapidly with iodine when 
a small amount of nitrite is added to the solution, see figures 
2-3-9 and 2-3-10, Several runs with different concentrations 
of iodine in water, 0.1 M and 4 M nitric acid solution and with 
a different mixing ratio of organic solvents were made 
(table 2-6-1 to 3), but essentially the same results were 
obtained at a given concentration, regardless of the type of
organic solvent. The reproducibility was estimated to be 10 percent.
— 2At a -total iodine concentration of 10 M the experimental
distribution values agree well, but below this concentration 
the experimental values deviate, especially at the highest 
dilution. A more detailed examination of the absorption in 
the visible region was carried out in the presence of nitrite, 
see table 2-6-2. There was produced a chemical form of iodine 
which oxidized I in the aqueous phase. This can be seen from 
the fact that the iodine peak (460 nm) increases with.time but 
the triiodide peaks at 350 and 285 nm decrease with time of 
mixing. Fig. 2-3-9 shows the time dependence of the iodine 
spectrum in the aqueous phase and the effect of. addition of 
nitrite. Tables 2-6-4 to 8 show that the distribution coefficients 
of iodine are small and it is difficult to explain these results.
It has been suggested in earlier.studies that perhaps the 
anomalous behaviour of dilute iodine solutions was caused by 
impurities in the solvents used. Since the aqueous layer appears 
to be in a reduced state, then it seems reasonable to assume 
that the impurity, if present, is a reducing agent. Thus if an
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Concentration in m o le/ liter
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\Table  2 .6 .1  D is t r ib u t i o n  c o e f f i c ie n t  o f  io d in e  
between 0 .1  IT n i t r i c  ac id  and 
o rgan ic  s o lu t io n s
m ix ing  r a t i o :  1 :1 ,  e x t r a c t io n  t im e: 5 min.
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Before e x t r a c t io n A f t e r  e x t r a c t io n
D i s t r i .
c o e f f i ,
Io d in e
lo s s $
Cone, o f  
I 2 in  aq.. 
‘ (M)
Cone, o f  I 2 
in  o r g .s o l .  
(M)
Cone, o f  
I 2 in  aq. 
(M)
Cone, o f  
I 2 in  org .  
(M)
0 10“ 5 , CHC1, 7 .0  x  10“ 6 4 .6  x 10-4 65 .7 5 3 .3
o IO "3 , C7h 15 7 .2  x  10"6 4 .4  x 10- 4 61.1 5 5 .3
0 IO "5 , C12H26 7 .0  x 10-6 4 .5  x 10-4 64 .3 5 4 .3
0 —A O
1
o o H 6 .8  x 10"6 4 .5  x  10-4 6 6 .0 5 4 .3
Table  2 . 6 . 2  D is t r ib u t i o n  o f  io d in e  between organ ic  
s o lv e n t and 0 .1  N n i t r i c  a c id  w ith  
10 M sodium n i t r i t e
m ix ing  r a t i o :  1 :1 ,  e x t r a c t io n  t im e: 5 min.
Cone.o f io d in e  in  
organic  so lve n t
E x tra c te d  aq. s o l .  
+ same volume N02
Io d in e
lo ss$
10-5  M I 2 , CH01, 3 .3  x 10“ 4 M I 2 21
10-5  M I g ,  07H16 3 .7  x 10~4 M I 2 19
IO "3 M I 2 , 0 12H26 3 .3  x 10“ 4 M I 2 22
10~3 M I 9 , OCX. 3 .0  x 10“ 4 M I 2 25
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Table  2 .6 .3  D is t r ib u t i o n  c o e f f i c ie n t  o f  io d in e  between 
w a te r  and organ ic  so lvent
Before e x t r a c t io n M ix . r a t io A f t e r  e x t r a c t io n
Io d in e
loss%
Cone, o f  I 2 
i n  H20 (M)
Cone.of  
I 2in  org. a q . /o r g .
Cone. I 2 
i n  H20
C one.o f I 2 
in  o rg .(M )
2 .5  x 10-4 0 1:1 - 2 .1  x  10~4 
i n  0C1
1.6
2 .5  x  10“ 4 0 1:1 — 2.1  x  10-4  
i n  CHC1,
16
2 .5  x  10-4 0 1:1 2 .0  x 10"4 
i n  C7H16
20
2 .5  x 10“ 4 0 1:1 2 .0  x  10~4 
i n  C12H26
20
2 .5  x 10"4 0 10:1 — 1 .7  x 10-5  
i n  CC1.
32
2 .5  x  10~4 0 10:1 - 1 .7  x. 10" 3 
i n  CHC1,
32
2 .5  x 10"4 0 10:1 - 1 .6  x 10“ 5
i n  C7H16
36
2 .5  x 10“ 4 0 10:1 - 1 .8  x 10“ 5 
i n  C12H26
36
2 .5  x 10-5 0 50:1 
(3 h rs )
— 6 .8  x 10"4 
i n  CCl^
46
2 .5  x 10~6 0 50:1  
(3 h rs )
5 .2  x 10” 5 
i n  c i 2R26
58
5 x 10“ 6 0 50i 1 
(3 h rs )
- 1 .2  x  10-4
i n  CHC1,3
52
5 x  10-6 0 50:1  
(3 h rs )
- 1 .2  x 10” 4 
i n  C7H2g
52
- 80 -
Table 2 .6 .3  ( continued )
Before e x t r a c t io n M i x . r a t i o A f t e r  e x t r a c t io n
Io d in e
lo s s /Cone, o f I 2 Cone. I 2 a q ,. /o rg . Cone. I 2 Cone, o f  I 2
_.in aq. s o l . in  org . i n  aq. in  o rg .
2 .5  X 10-5 0 100:1
(6 h rs )
- 5 .6  x 10"4 
i n  CCl^
78
2 .5  x 10“ 6 0 100:1 
(6  h rs )
- 6 .7  x 10-5  
i n  CHC1,
73
2 .5  x 10"6 0 100:1  
(6  h rs )
- 6 .5  x IO-5  
i n  0 7H16
74
2 .5  x I O ' 6 0 100:1  
(6 h rs )
—4 5 .5  x 10“ 5
in  c -|2H26
78
Table  2 . 6 . 4  D is t r ib u t i o n  o f io d in e  between 4 M HNO  ^
and c a rb o n te tra c h lo r id e
B efore e x t r a c t io n M i x . r a t i o A f t e r  e x t r a c t io n
Io d in e
lo s s /
Cone, o f  I 2 
i n  aq.
Cone. I 2 
i n  org
a q . /o r g . Cone. I 2 
i n  aq.
Cone. I 2 
in  org .
io
0 1:1 8 .0 x 1 0 “ 5 20
5 x  10“ 5 0 10:1 - 3 .5 x 1 0 " 4 30
2 .5  x  10“ 4 0 20:1 - 5 .6 x 10” 5 28
Iot— 0 50:1 — 2 .8 x 1 0 -3 44
10“ 5 0
(6 h rs )  
50:1  
(3 h rs )
- 2 .2 x 1 0 ~ 4 56
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Table  2 .6 .5  D is t r ib u t i o n  c o e f f i c ie n t  o f  io d in e  between 
w ater  and carbon t e t r a c h lo r id e
m ix ing r a t i o :  1 :1 ,  e x t r a c t io n  t im e : 5 min.
Temp. 
t °  0
O r ig in a l  
conc. o f  
io d in e  in  
w a te r  (M)
A f t e r  e x t r a c t io n
II
o
| 
o
 
ro 
-> Io d in e
lo s s /
Cone, o f  
I 2 in  CGl^
° i
Gone, o f  
I 2 i n  H20
°2
20 10~3 8 .5  x  10“ 4 1 .8  x  10"5 4 7 .2 1 3 .2
40 1 0 -3 8 .6  x 10~4 2 .2  x IO-5 39.1 1 1 .8
50 I O '3 8 .5  x  10"4 2 .2  x 10“ 5 3 8 .6 1 2 .8
60 10~3 8 .7  x  10"4 1 .6  x  10- 5 54 .3 13 .2
20 1 0 -4 7 .8  x 10“ 5 1 .5  x 10-6 5 2 .0 20 .5
40 10 - 4 7 .7  x IO-5 1 .5  x 10"6 51 .3
LT\.C\J
50 10- 4 7 .7  x  IO-5 - 2 3 .0
20 10-5 6 .8  x 10-6 . - 3.2.0
40 10-5 6 .7  x 10-6 - 3 3 .0
•50 10“ 5 6 .7  x  10“ 6 3 3 .0
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Table  2 . 6 . 6  D is t r ib u t i o n  c o e f f i c ie n t  o f  io d in e  
between w ate r  and dodecane
m ix in g  r a t i o :  1 :1 ,  e x t r a c t io n  t im e: 5 min.
Temp.
t °  c
O r ig in a l  
conc. o f  
io d in e  i n  
w ater  (M)
A f t e r  e x t r a c t io n
r~[ 
OJ
o 
joI!W
Iod ine '
lo s s $
G one.of I 2 
i n  0 12H26
° i
Cone, o f  
I 2 i n  H20
°2
20 10"5 8 .5  x 10“ 4 1 .8  x 10“ 5 4 7 .2 12.5
30 10” 5 8 .6  x 10“ 4 2 .0  x 10” 5 4 3 .0 11 .5
40
LOJoc— 8 .5  x  10“ 4 1 .8  x 10“ 5 47 .2 13 .5
50 10~5 8 .0  x 10“ 4 1 .7  x IO -5 4 7 .0 1 8 .6
20 10"4 7 .5  x 10“5 2 .0  x 10-6 37 .5 2 3 .0
30 10"4 7 .3  x  10~5 1 .5  x 10“ 6 48 • 6 25 .5
40 10~4 7 .3  x IO-5 1 .6  x  10“ 6 • G\ 2 5 .4
50 10“ 4 .7 .4  x 10“ 5 ' - 26 .0
20 10-5 6 .3  x  10-6 - 3 7 .0
30 10~5 6 .5  x 10-6 - 3 5 .0
' 40 10“ 5 6 .3  x 10-6 - 3 7 .0
50 10“ 5 6 .2  x  10-6 - 3 8 .0
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Table  2 .6 .7  D is t r ib u t i o n  o f  io d in e  between 4 M n i t r i c  
ac id  and carbon t e t r a c h lo r id e
m ix in g  r a t i o :  1 : 1 ,  e x t r a c t io n  t im e: 5 min.
Temp.
t ° 0
O r ig in a l  
conc. o f  
I ^ i n  4M
hdo5 (m )
A f t e r  d i s t r i b u t i o n
C 1
2
Io d in e
l o s s /
Conc. o f  I 2 
i n  0C14
c i
Conc. o f  I 2 
i n  4M HNO^
°2
20 10-5 8 .5  X 10-4 1 .5  x  10“ 5 5 6 .7 13 .5
30 IO-3 8 .6  x 10-4 1 .8  x 10-5 4 7 .7 12 .2
40
1o 8 .5  x  10-4 1 .6  x 10-5 53.1 13 .4
50 IO "5 8 .5  x  10-4 1 .8  x 10“ 5
CM• 1 3 .2
20 10"4 7 .8  x  10-5 1 .5  x 10“ 6 5 2 .0 20 .5
30
'+IO 7 .6  x 10“ 5 1 .6  x 10-6 47 .5 2 2 .4
40 10“ 4 7 .5  x  IO "5 1 .4  x 10“ 6 5 3 .5 2 4 .8
50 10-4 7 .5  x 10~5 - 25 .0
20 . 10“ 5 . 6 .2  x  10“ 6 - 3 8 .0
30 10-5 6 .4  x 10-6 3 6 .0
40
ir\1o
6 .4  x 10“ 6 - 3 6 .0
50 IO "5 6 .2  x 10“ 6 -  ' 3 8 .0
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Table  2 . 6 . 8  D is t r ib u t i o n  c o e f f i c ie n t  o f  io d in e  
between 4M n i t r i c  ac id  and dodecane
m ix ing  r a t i o :  1 :1 ,  e x t r a c t io n  t im e: 5 min.
Temp. 
t °  0
O r ig in a l  
conc. o f  
io d in e  in  
4M HN05 ,M
A f t e r  d i s t r i b u t i o n
C1 
K = 0 2
Io d in e
lo s s /
Cone, o f  
i n  C12H26
°1
Cone, o f  I 2 
i n  4M HNO^
°2
20 10“ 5 8 .3  x  10-4 1 .8  x IO-5 46.1 15 .2
30 10-5 8 .2  x  10“ 4 1 .7  x 10“ 5 4 8 .2 1 7 .8
40 10-5 8 .2  x  10~4 1 .5  x  IO-5 5 4 .6 16 .5
50 IO-3 8 .0  x  10"4 1 .5  x IO-5 5 3 .3 18.5
20 10"4 7 .2  x IO-5 1 .5  x 10-6 4 8 .0 26 .5
30 10-4 7 .0  x IO-5 1 .8  x 10"6 3 8 .9 2 8 .2
40 10"4 7-.0 x  IO -5 1 .5  x 10“ 6 4 6 .7 2 8 .5
50 —s
. O
1 -ft 7 . 0  x 10~5 - 3 0 .0
20 IO-5 5 .8  x  10“ 6 - 4 2 .0  j
30 4 IO-5 5 .8  x  10- 6 - 4 2 .0
40 10“ 5 5 .6  x 10-6 - 4 4 .0
50 IO-5 5 .6  x 10-6 - 4 4 .0
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oxidizing agent is added to the system to oxidize I to I2 ,
then we should be able to observe the calculated distribution
coefficient experimentally. The best explanation for the
observed phenomena seems to be that some unknown reaction
between the aqueous solution and iodine becomes increasingly
important at low iodine concentrations. Also there is an
unexplained slow reaction occuring in the aqueous phase which
- 3
is important even at 10 M concentrations. From our observations 
this reaction must produce a chemical form of iodine which is 
readily exchangeable with I2 * The reaction must give rise to 
excess I or at least have l“ as the ultimate end product as 
is shown by our spectrophotometric data.
To account for the observed phenomena the following mechanism 
is proposed. Let us consider that the first initial absorbance 
in the water layer is due to the partition of iodine and to the 
reaction between iodine and water.
At low concentrations reaction (47) would lie far to the right.
To calculate the exact effect of this reaction on the distribution 
coefficient, the equilibrium constant would have to be known.
The slow rise in absorbance of the aqueous phase with time 
could be caused by the following dissociation of the water- 
iodine complex.
I^2^org. solvent (46) .
I2 + h 2o V H2° (47)
I 2,H2° H20I+ + I (47
11?
HOI
+
+
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This equilibrium would be pH-dependent due to the decomposition
+ —of H2OI . Thus the equilibrium concentrations of HOI and
should decrease with a decrease in pH.
The end products of the above reactions would be HOI and 1^.
It was thought that the formation of iodate is a much slower 
reaction
3I2(aq) + 3H2° 5=5 I03 + 5l” + 6H+ (5)
In accord with this assumption, no appreciable amount of 
iodate could be found in the aqueous solutions, even at 4 M 
nitric acid and after the two phases were allowed to mix for 
two weeks. Since no iodate is found in the solutions, even 
after standing, apparently HOI is stable at these concentrations. 
The above mechanism would explain the gradual appearance of 
I^ and the increase in conductance with time in freshly prepared 
aqueous iodine solutions, A similar explanation has been given 
for the rise in conductance of iodine-pyridine solutions with 
time 109).
This mechanism is also consistent with the results obtained
110)by Benesi and Hildebrand in a study of iodine-acetone
solutions. They found that triiodide was formed immediately
after iodine was added to acetone. After observing the behaviour 
and characteristics of these solutions they concluded that the 
following reactions were occurring
0 OH
II I
CH3-C“CH3 ^  CH3"C = CH2 - (48>
OH 0
1 1 '  -  +CHy-C = CH2 + I2 — » CH -C-CH2I + I + H (49)
+ I = I3 (2)
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Reactions (48) and (49) are well known from work on the kinetics 
of the halogen-acetone reaction.
2.7 Spectrophotometric analysis of low concentration iodine 
after concentrating by extraction and re-extraction
2,7.1 General
The need for a method, suitable for routine use for the 
determination of iodine in quantities on the order of 10~4 gm 
as found in one liter of a dissolved fuel solutions, has 
become of most increasing importance. This determination is 
not performed in analytical laboratories because of the high 
radioactivity and large quantities required for a single 
determination. The purpose of this work was to devise a 
procedure which could be applied with reasonable precision 
and accuracy to the routine determination of a small quantity 
of iodine.
Thiosulfate titration of iodine is limited to the determination
21)of a concentration of 7.5. micrograms of iodine per milliliter .
The use of organic solvents such as benzene, petroleum ether,
chloroform and carbon tetrachloride as indicators in the
18 112)titration of iodine has been proposed ' , These procedures
increase the sensitivity to approximately 2 micrograms of iodine
113)per milliliter in the presence of excess of iodide ion
113) 114)Arsenious oxide, trivalent antimony , sulfurous acid ' ,
115) 116)hydrogen sulfide , stannous ion, and thiocyanate have
been recommended for the titration of iodine. However, none of 
these appear to have a greater sensitivity for the deter­
mination of small quantities of iodine than thiosulfate. Organic
1171 118]compounds such as formaldehyde , chloral hydrate ',
119) 120) 121)aldoses , acetone , and hydroquinone have also
been suggested fo r th is  purpose. T it r a t io n  methods, using
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adsorption indicators, based upon the precipitation of insoluble
1 92)iodides have also been proposed . The sensitivity of these
methods is less than that for the thiosulfate titration. Electro-
21)metric titration of the reaction between iodine and thiosulfate
was not found practicable for routine determinations of small
quantities of iodine. The methods wherein iodine is used as a
12 3)catalyst for the reaction between eerie sulfate and nitrite 
124 125)or arsenite ' are capable of determining amounts of iodine
in the required range. However, these catalytic methods are
delicate, and require accurate timing, careful temperature control,
and special apparatus. In view of the chromophoric character of
elemental iodine itself, it was felt that a colorimetric procedure
might be developed with the use of the spectrophotometer. Various
colorimetric methods for the determination of inorganic iodine
126 12V)have been proposed ' , These methods use the visible region
of the spectrum in reading iodine concentration. In the visible
range the mole absorptivity for iodine is not high enough to be
useful for small quantities of iodine in water and other solvents 
12 8) , but higher peaks have been reported for elemental iodine
125 128)in potassium iodide solutions in the ultraviolet '
Because the state of iodine varies with the nature of the solvent, 
we decided to investigate the absorption spectra of iodine in 
several solvents to see whether a higher mole absorptivity could 
be found. This study was extended over the entire range of ultra­
violet and visible range of the Cary 17 spectrophotometer for 
the purpose of finding a suitable peak. The solvents investigated 
includes water, 0.1 M nitric acid, 4 M nitric acid, carbon 
tetrachloride and dodecane.
2.7.2 Results and Discussion
The behaviour of very small amounts of iodine differs significantly 
from the known behaviour of macro amounts of iodine, since the
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stabilities of normally unstable intermediates such as HIO may 
be much greater at low concentration. Molecular iodine becomes 
increasingly easier to oxidize as its concentration is decreased, 
and kinetically, an intermediate whose rate of disappearance, 
obeys a rate law involving its concentration to a power greater 
than one will be more stable at the lower concentrations.
We have studied some oxidation! and reductions of iodine at very 
low concentrations using extraction and re-extraction methods«
The extraction procedure used is outlined in Fig. 2-7-1.
The extraction of iodine into carbon tetrachloride or dodecane 
from nitric acid solution was determined by measurement of the 
absorbance in a known volume of each phase by shaking over a 
certain period of time. Two types of extraction vessels were 
used in the first step of Fig. 2-7-X for these experiments.
One type was a 2 litre glass stoppered flask, the other was a 
4 litre pvc flask, Withdrawal of the extracted layer eventually 
disturbed the boundary between the two layers. Therefore it was 
only possible to withdraw about 75 percent of the organic layer 
from the aqueous phase.
From Fig. 2-7-1, we can identify the following processes:
Aj The iodine is extracted from nitric acid solution by an organic 
solvent. In our experiments using low concentrations of iodine 
only 1 0 - 4 0  percent of the iodine was extracted into the organic 
solvent? 60 - 90 percent of the iodine was lost during the ex­
traction. From the distribution coefficients as determined by us 
in other experiments (Table 2-6-3 to 4), one could expected that 
1 0 - 6 0  percent are extracted into the organic phase. The 
distribution coefficient of the small volume to be preconcentrated 
should be higher than that of the large volume to be preconcentra­
ted. Therefore, we consider this discrepancy as "loss". We 
presumably also lost of some iodine by adsorption at the walls 
of the vessel during extraction, especially in the preconcentra­
tion of small amounts of iodine by liquid-liquid extraction
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techniques which have been used for separating micro-amounts from 
large amounts of bulk solutions. We believe that most of the 
loss of the iodine is due to the different partition pattern 
of iodine and to reactions between iodine and nitric acid 
solution taking place preferably as low concentrations.
Increasing time needed for extraction could be caused by the 
dissociation of the water-iodine complex.? the end products of 
this reaction would be HIO and ty dependent on the nitric acid 
concentration? the equilibrium concentrations of HIO and 
should decrease with decreasing concentration of nitric acid.
B: The first organic extract A was then back-extracted by aqueous 
-2SO^ . In this reaction, aqueous iodide ion is formed which is
not soluble in carbon tetrachloride or dodecane. This reaction
completes the back extraction. However, it is also possible
-2that some iodide is not back-extracted by aqueous SCty , perhaps 
because some other organic iodide compound is formed.
C: To the aqueous extract B, aqueous or solid NaNCty is added.
It is expected that the iodide is completely oxidized to
iodinej iodine is then re-extracted by carbon tetrachloride or
dodecane. From quantitative considerations of this equilibrium,
-  -2I and SO^ should be converted or destroyed by sufficient
oxidi^ihj agent. Several attempts to enrich concentrations lower
than 10  ^ M iodine by extraction with oxidation agent were
unsuccessful, We believe that the most probable explanation
of our results on the oxidation of iodide at low concentration
in acid solution is that, during the oxidation of iodide a
simple inorganic molecule or ion containing iodine in an
oxidation state, such as HIO is formed, similar to the formation
129)of HBrO in benzene , which exists only at low concentration.
to. 93 -
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2.8 The e f fe c t  o f temperature
Beer's lav; indicates that the absorptivity is a constant 
independent of concentration, length of path, and intensity of 
radiation. The law provides no hint of the effect of tem­
perature, the nature of the solvent, or the wavelength. In 
practice, the temperature is found to have only secondary 
effects, unless varied over an unusually wide range. The 
concentration will vary slightly with change in temperature, 
because of the volume change. Also, if the absorbing solute is 
in a state of equilibrium with other species or with undissolved 
solute (as in a saturated solution), more or less variation 
with temperature is to be expected. For much practical analytical 
work, temperature effects may be disregarded, especially when 
the absorption of an unknown is directly compared with the standard 
at the same temperature.
The distribution coefficient of iodine between its brown solution 
and its violet solution is influenced markedly by changes in 
temperature, whereas an approximately constant distribution 
coefficient is observed between two solvents in which iodine 
forms brown solutions ,
The variation of the solubility of iodine with temperature may
be represented fairly accurately by a regular family of curves
131)corresponding to the equation .
log N 2 *= 2.264 - 876.5 + k(1-N2 )2 * ~ (50)
in which N 2 is the mole fraction of iodine in a solution 
saturated at the absolute temperature T, and k is a parameter, 
approximately independent of temperature for each - solvent,
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whose value depends upon the energy of vaporization of the solvent. 
When k is relatively small, the curves obtained by plotting 
log N 2 against 1/T are nearly linear except at temperatures 
approaching the melting point of iodine? as k becomes larger 
they take on a characteristic reversed S shape. The fact that 
solubility curves for iodine in solvents in which it gives 
brown solutions do not fall in this family indicates that 
new molecular species are formed in such solutions,
Increase of temperature, which may be due to the exothermic 
nature of the extraction may affect the activity coefficient 
of the complex in the system, as well as complex formation, 
dissociation etc.. Further work is needed to elucidate what 
factors contribute to the temperature-dependence of the 
distribution of iodine extracted during the extraction.
2.9 Conclusions
The spectrophotometric method of analysis is very useful for 
obtaining some information about the distribution of various 
iodine species in the very low concentration range. It does not 
give a definitive value for particular iodine species in our 
work because the iodine species that may be found are not 
limited to those described in the literature. Our results make 
it possible to describe the data with an accuracy equal to the 
stated accuracy of the Cary 17 spectrophotometer and to present 
reference spectra for several species such as ty, I2 and 
probably N02 . These reference spectra can be useful for 
quantitative analysis in future work. The method represents a 
convenient technique for accurately determining low iodine 
concentrations in fuel reprocessing solutions and provides
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some information concerning the fate of the species present.
We conclude that UV-visible spectroscopy in the region 185 
to 700 nm can provide valuable information concerning the 
-nature of iodine in acidic or neutral solutions. This work 
provides background information which may help the effort 
to ensure properly contain the iodine during the processing 
of nuclear fuels.
2.10 Suggestions for further work
A d d it io n a l work on the use o f  spectrophotometry to  c h a ra c te r iz e  
the io d in e  species in  UCtytNCtyty so lu t io n s  might make th is  
technique more us e fu l as a dependable method o f  a n a ly s is .
As an a l t e r n a t iv e  and a d d it io n a l  techn iqu e, t r a c e r  s tud ies  
should be undertaken. Io d in e  t r a c e r  isotopes can be prepared  
e a s i ly  in  good q u a n t i ty ,  and can thus provide a ra p id  method 
o f a n a ly s is  in  a d d it io n  to  spectrophotometry fo r  fu r t h e r  
e x t r a c t io n  experim ents.
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3,1 Introduction
The potentials have been derived from four sources: (1) the 
direct measurement of cells, (2) equilibrium data, (3) thermal 
data, and (4) approximate limiting values based upon the 
chemical behaviour of a couple with respect to known oxidizing 
and reducing agents.
Electrochemical cells are often useful for the determination 
of the Gibbs free-energy change for a chemical reaction. The 
spontaneous chemical change which occurs in certain electro­
chemical cells may increase the applied potential to a value 
infinitesimally greater than that of the cell. If the cell is 
exactly balanced against an external electromotive force so 
that no charging or discharging of the cell is taking place, 
and we imagine that an infinitesimal quantity of electricity 
is allowed to pass through the cell, the reversible electrical 
work at constant temperature and pressure, or Gibbs free-energy 
change, is equal to the product of the voltage and the quantity 
of electricity. The quantity of electrical•charge corresponding 
to the molar quantities in the balanced chemical equation is 
nF, where n is the number of electrons transferred in the 
reaction and F is the Faraday. If this quantity of electrical 
charge is transported through a potential difference of E volts, 
the amount of work required is given by nFE• Since this 
electrical change does not involve pressure-volume work and 
is carried out isothermally, the change in Gibbs free energy 
is given by
AG = -nFE - (51)
where E is the voltage, which by convention is taken as positive. 
Since AG is negative for a spontaneous cell reaction and E for 
a spontaneously discharging cell is taken as positive the
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negative sign must be used in equations'). The electromotive 
force o t  a cell does not depend upon the stoichiometric co­
efficients in the balanced chemical reaction, but the change 
in Gibbs free energy Ag does depend upon n, which in turn
“depends upon how the stoichiometric equation is written. If
-1
the faraday is expressed in coulombs equiv , the electrical
work calculated from AG - -nFE will be expressed in joules.
The value of AG in calories is obtained by dividing by 4.184 
-1joules cal . Alternatively the faraday may be expressed as
-1 -196500 coulombs / 4,184 joules cal = 23060 cal volt , since
a joule is a volt-coulomb.
From the temperature coefficient of the electromotive force 
it is possible to calculate the entropy change for the cell 
reaction since
In addition the enthalpy change for the reaction may be calculated 
by substituting equations 51 and 53 into
0 T / p AS (52)
Then (equation 5 1 )
(53 )
AH = AG + TAS (54)
= -nFE + n F T ( f f )  p
Since the equation may be derived from the Gibbs-Helmholtz 
equation, it is often referred to by that name.
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Thus from measurements of the electromotive force of a cell 
at a series of temperatures it is possible to calculate AG, 
AS, and AH for the cell reaction. The great accuracy of 
electrical measurements often makes the determination of 
-thermodynamic quantities by this method more exact than the 
direct determination of equilibrium constants or the calori- 
metric determination of enthalpies of reaction.
3.2 Experimental
3.2.1 General background
Several half reactions involving iodine species in aqueous 
solution together with their standard electrode potentials_ It A Q \
at 25 C as given by Latimer are given below:
1) I2 + 2e“ = 21™ E° = 0.535 volts
2) 10™ + H20 + 2e™ s i" + 2OH™ E° ss 0.49 volts
3) 10™ + 3H20 + 6e™ = I™ + 6OH™ E° ss 0.26 volts
4) H 3IO™2 + 3H20 + 8e™ — I™ + 9OH™ E° ss 0.37 volts
5) HIO + H+ + 2e™ = I™ + H 20 E° SS 0.99 volts
6) 10™ + 6H+ + 6e“ = I™ + 3H20 E° = 1 .09 volts
7) 7H+ + Hc-IO. + 8e™ = I™ + 6H90 E° ss 1.22 volts
The value of the potential of a half-reaction can be calculated 
using the Nernst equation
aA + bB = gG + hH (55)
RT
nF In
H = E'
B
(56)
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A potential is referred to as an E° value if all gases involved
in the reaction are at a fugacity (thermodynamic pressure) of 
1 atmosphere and all dissolved substances at an activity 
(thermodynamic concentration) of 1 molar, i.e., 1 mole per 
_1000 grams of water.
The potential, E, at other concentrations and pressures at 
25°C is given by the expression
where Q is the product of the activities (or fugacities) of 
the resulting substances divided by product of the activities 
of the reacting substances, each activity raised to that 
power whose exponent is the coefficient of the substance in 
the chemical equation? and n is the number of Faradays of 
electricity involved in the reaction. Thus Q has the same 
general for-m as the equilibrium constant, but it differs in 
that the activities refer not to the equilibrium state but to 
the actual activities of the reacting substances and their 
products. Activities of pure solids and liquids are taken as 
unity. For the equilibrium state, Q becomes the equilibrium 
constant, K, and since E for a reaction at equilibrium is zero,
For the reaction,
E — E (57)
21 I 2 + 2e (59)
(60)
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where concentrations are substituted for activities, the 
potential of this couple will be dependent upon the total 
iodine concentration? as the total iodine concentration 
decreases the oxidation of iodide to molecular iodine becomes 
more difficult.
Conversely, the electrode potential for the other half-reactions 
will be independent of the total iodine concentration because 
each iodine-containing molecule contains only one iodine atom. 
Therefore the values of the electrode potential necessary to 
carry out an oxidation or reduction as shown in the half-reactions
(2) through (7) should be the same at carrier-free concentrations 
as at macro concentrations.
3.2.2 Apparatus
Potentiometric measurements were made using an Orion 407A 
specific ion meter, Orion iodide electrode model 94-53A and 
single junction reference 90-01, The electrode sensing element 
is a silver iodide / silver sulphide membrane, which is an 
ionic conductor for silver? the potential developed within 
the electrode is fixed so that the electrode develops potentials 
due only to changes in the sample silver ion activity.
E - E& + slog AAg+ . (61)
Where; E = the measured total potential of the system?
E& = the portion of the total potential due to the 
choice of internal and external reference 
electrodes and internal solutions? 
s = 2*.3 RT/F (Nernst factor of electrode slope)?
A^g+ = the silver ion activity in the sample solution.
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Even though the original sample may not contain silver ions, 
a very few are produced by the extremely small solubility of 
the silver iodide membrane. The silver ion activity depends 
on the iodide activity in the sample solution.
Using the iodide electrode, the silver ion activity can be 
calculated from the solubility product of silver iodide:
A  +  —  £ £ £
Ag A j-  (62)
Substituting this value for AAg+ in equation (61), then equation 
(62) results:
E = Ea + slog Ksp - s logAj- (63)
Since Ksp is constant at any given temperature, a new constant 
can be defined:
Eb ~ E a + s *lo° KsP 
Thus, E - Ej^-s logAj-
3.2*3 Reagents
Chemicals used were of reagent grade. All solutions were prepared
from water which had been deionized and distilled; no residual
quantities of iodide could be detected in the solution used.
— 1Stock solutions (100 g L in iodide) were prepared by weight 
from potassium iodide; all other test solutions were obtained 
by serial dilution of these stock solutions. All test solutions 
were protected from light by aluminium paper and protected 
from air by argon gas. The test solutions were not used more 
than two weeks after their preparation.
(64)
(65)
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3.2.4 Procedure
All solutions were stirred during measurement to speed response
time. The calibration curves were obtained using solutions of 
- 4  -110 to 10 g 1 of nonradioactive potassium iodide in water.
The nitric acid solutions were prepared by adding iodide solutions 
to the aqueous standard iodide solution. In order to prevent 
electrode carryover, each series of measurements was started 
with the most dilute standard solution.
Since the electrode potentials vary with the absolute temperature, 
all samples should be measured at the same temperature. The 
measurements were carried out in a Landa water thermostat. The 
temperature within the thermostat, as read from an accurately 
calibrated mercury thermometer, could be maintained at constant 
temperature within 0.5°C over periods of several hours.
The specific ion electrode responds to and develops a potential 
proportional to the activity of the free ions in solution. The 
change in electrode potential produced by the change in ionic 
activity is called the slope. At 2 5 ° C ,  the theoretical slope 
of a monovalent ion electrode is 5 9 . 1 6  mv per tenfold change in 
ionic activity; the slope of divalent ion electrodes is 2 9 , 5 8  mv. 
Ionic activity or concentration can be read directly in moles 
per liter, milligrams per liter, parts per million or other 
convenient unit. Numerical scale readings are made to agree 
with the standard solution by multiplying with or dividing by 
the appropriate factor©
5.2.5 Precision
The precision obtainable from one method as compared with another 
is often affected by the form of the response curve, apart from 
the inherent ability of the instrument to detect signals. The
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electrode will detect very low levels of iodide ion; since it 
is a logarithmic device, it cannot be used to detect a very 
small change in iodide activity at high iodide activity levels.
The precision is limited by factors such as electrode temperature, 
drift, and noise. With frequent calibration, the relative 
accuracy of the measurements was - 0,5 % of the scale readings, 
the reproducibility of the scale reading was - 1,5 % and the 
accuracy of the iodide activity due to sample preparation was 
- 2 %. The reproducibility of the measurements was - 1.5 mv, 
corresponding to an absolute accuracy of - 4 mv. Every experi­
ment was repeated at least five times.
3,3 Results and Discussion
3.3.1 Iodine in aqueous solution
3.3.1.1 General
The spectra of iodine and triiodide in water have been studied
previously. It is assumed that iodine exists largely as I2 in
its violet solution, but forms 1:1 molecular complexes with the
50)solvent in its brown solution , e.g. of the type H20 ‘I2 .
This complex has been found to dissociate by the reaction
h 2o »i2 = h 2o i + + I (4)
mm 1 1 An
which has an equilibrium constant of 1,2 x 10 at 25 C 
The reaction
o n 132)
h 2°i+ HOI + H (6)
follows. The overall reaction is the hydrolysis of iodine and 
is generally written
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H20 + I2 = HOI + l” + H* (3)
The equilibrium constant for (3) has been determined by several 
different investigators, using various methods, and is approximately 
3 x 10~13 at 25°C 133-135,48)_
The iodide formed in the hydrolysis then reacts with iodine 
to give the triiodide ion* This reaction
I 2 + I™ «  I ”  (2 )
— 3has been found to have an equilibrium constant of 1,4 x 10 at 
25°C 136),
According to the literature, one of the reactions (5) or (66)
3H0I = 10™ + 3H+ + 21™ (66)
3H20 + 3I2 = 6H+ + 51™ + 10™ (5)
seems to take place in aqueous solution, but has been found to
an 
-4 8
132)reach equilibrium slowly While reactions (4), (6) d (2)
are quite rapid, the equilibrium constant for (5) is 10 
at 25°C 136'137>.
Assuming that all of the known rapid and reversible equilibrium 
reactions are involved, the species in the aqueous phase could 
be formed by the dissociation reaction of the water iodine 
complex (4), (6) and (2)j
(67)H 20I+ + I™
t +
H O I. h 2°* 1
+. U
+ •»
H J3 +
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Then, at further dilution, the I3 redissociation would appear 
as
I3 + H20 = H20I+ + 2l“ (6 8)
%
HOI + H+
Thus, contrary to behaviour at higher concentrations, excess
2 108)activity would be found in very dilute aqueous solution 9 
Our results are plotted in Fig. 1-1-1. In this figure, however, 
a very good linear dependence is observed even at the lowest 
iodine concentrations. We found excess iodide activity in the 
Fig. 1-2-3 if we compare with Fig. 2-2-1.
3 .3.1 . 2  Kinetic^studies^of^the^reaction^of^iodine^in^aqueous 
solution
The solubility of iodine in water is relatively higher as the 
temperature rises (Table 3,4,2, Fig. 1-1-1, Fig. 1-2-2),
In aqueous solutions, iodine is found in the form of free 
elemental iodine and the*products of its chemical interaction 
with water. The relationship between the concentrations of 
elemental iodine and the hydrolysis products in water is
expressed as the degree of hydrolysis 13, which increases pro-
o 9m> *15portionally to the temperature, (at 0 C K„ = 9 x 10 ; at
_ *| mm 1 *3
20 C = 1,5 x 10 ; at 25 C ty = 3 x 10 ) and proportionally
to the pH of the solution (Fig. 1-1-2, pH = 6.0 and 1-2-1, 
pH = 4.5).
The equilibrium I~ + I2 *= 13 has been one of the most frequently 
studied ion-molecule interactions (Fig. 5-1) . The well known 
distribution method was systematically applied to its study 
at 25°C by Jakowkin his results and those of many later
workers serve to show that the process is not confined to the 
triiodide stage. Numerous determinations of the equilibrium 
constant (K) for the triiodide formation have been made at
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in heat content (AH) have been reported; in fact Dawson’s and
39 140)Jones and Kaplan’s papers r are exceptional in quoting K
values at two temperatures. Although they did not calculate
141)AH, this has been done by Moelwyn-Hughes
As a result of the formation of the triiodides, there is a
difference in the concentration of the iodide ion which requires
that a correction be applied according to the Nernst equation
142)E q = RT/F In c2/c^• Fischer not only omitted the liquid
junction entirely but applied the correction in a crude manner 
because of a lack of accurate knowledge of the triiodide
equilibrium at the temperature of his measurements, Jones and
143) 144)Hartmann utilized the result of Bray and Mackav 'on
the triiodide equilibrium at 25°C and made a study of this 
equilibrium at 0°C, From their measurements with 0,1 N potassium 
iodide solutions, they found dq/dT = 3.7 cal/per degree; and 
from their measurements with 0.05 N potassium iodide solutions 
they found di*/dT = 4.5 cal/per degree. They were able to obtain 
a value for d(*/dT, or the entropy of the reaction directly from 
their electromotive force measurements without using thermo­
chemical measurements. They found a value for the entropy nearly 
twice that found by Fisher; they also point out that their 
result and Nernst's data on the specific heats of these sub­
stances are not reconcilable with the third law of thermo­
dynamics. The essence of the third law is that the temperature 
coefficient of the free energy, d.G/ciT, or the entropy (S) 
of the reaction is a function solely of the specific heats 
of the substance involved and can be computed quantitatively 
if these specific heats are accurately known from absolute 
zero up to the working temperature.
145)Gerth then undertook a study to reduce the disturbing
effect of triiodides by working with solutions unsaturated with 
respect to iodine but having a known vapour pressure of iodine.
25°C but few e x p l ic i t  e va lu a tio n s  o f the corresponding increase
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The liquid junction correction can be computed from the Nernst 
equation = RT/2F In p 2/p.j, from the vapor pressure of iodine 
in the solution actually used (p^) and the vapor pressure of 
solid iodine at temperature of the cell (p2 )* This is fundamentally 
_a good idea because as general rule the activity of un-ionized 
molecules such as I2 is very nearly proportional to the vapor 
pressure and only slightly, if at all, influenced by the con­
centration of the ion present, whereas the activity coefficient 
of~the ion is appreciably different from the degree of 
dissociation as estimated from the conductivity,
3,3,1,3 Discussion
In our experiments, the electrode potentials are proportional
to the iodine concentration in water in the range 3,36 x 10 
-1to 3,36 x 10 gm per liter. The slopes of the curves are 
15 mv per concentration decade (Fig, 1-1-1), Assximing that all 
iodide and triiodide ions in the solutions has arisen from 
dissociation of iodine and that the dissociation is rather 
slow process, then the iodide potential is much higher after 
40 hours reaction than after 4 hours (Fig, 1-1-2); the same 
results were obtained (Fig, 1-2-1, 1-2-3) with different buffer 
solutions, Murray obtained for the dissociation constant
o -j a p \
of iodide a value of 1 x 10 , Bell and Gelles making use
of an electrometric technique which should be independent of
the initial iodide content of the iodine solution, obtained
-11the value 1,2 x 10 for the equilibrium constant. From the
rate law given by Bell and Gelles, it may be shown that the
presence of the iodide ion formed by the reaction
„ + —I2 (aq) + H20 = H20I + I , gives a rate of reaction for
I2 (aq) + H20 - HOI + H+ + I™, which is inversely proportional
to the square of the hydrogen ion concentration.
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A variation of the immersion method has been used for 
measuring the response time of the iodide electrode with 
and without buffered solutions at different iodine concen­
trations. The results show that the electrode potentials 
-reach a constant value within few seconds in the buffered 
solutions which are more stable than unbuffered solutions 
especially in the nitric acid solution. The response time of 
the electrode depends on the direction of the concentration 
jump.
The following buffer solution in a series of experiments were 
used:
Buffer solution A: 77 gm ammonium acetate + 60 ml acetic acid
in one liter solution pH - 4.5
Buffer solution B: 77 gm ammonium acetate + 60 ml acetic acid
+ 35,2 gm ascorbic acid in one liter solution 
pH = 4.5
(C6H8°6 = C6H6°6 + 2H+ + 2e“ > ;
(potential of iodide electrode in buffer
solution B ~ -70 to -80 mv)•
3,3.2 Iodide in nitric acid solution 
3,3,2,1 General
48) 1)•Allen and Keefer , and Eggleton have expressed the
equilibrium of the iodine containing solutions at pH <1 in
terms of the four reactions:
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I2 (aq) + H20 = HOI + H+ + I~ (3)
3I2 (aq) + 3H20 = IO~ + 5l“ + 6H* (5)
I2 (aq) + I~ = ty (2)
I2(aq) + H20 = ItyOI* + i" (4)
We assume that the iodine in the nuclear fuel before dissolution 
is present as I2 and metallic iodides. Some of the reactions 
taking place in the dissolver solution, according to the
literature, are the followings
I2 + 2e~ = 2l" (69)
6H+ + IO’ + 5e~ = 1/2 I2 (s) + 3H20 (70)
In nitric acid solution, the above reactions will be affected 
by the nitric acid and nitrous acid, which is formed upon 
reduction of HNO3 by iodine, and the iodine may exist in 
various oxidation states: l“ , elementary iodine I2 , and ICty.
It is generally considered that in nitric acid solution iodate 
cannot be oxidized further.
In our experiments, initially the only species present in the 
nitric acid solutions was potassium iodide. In this solution, 
iodide was observed to oxidize very rapidly to I2 , which combines 
with more I to form the I3 ion. The oxidation of I~ proceeded 
until all the I had been converted to I3 . Then, further 
oxidation of I3 to I2 takes place.
Xn nitric acid solution, at iodide concentrations below
-2 -110 g litre , erratic, time dependent results were obtained 
(Fig. 3-3-1, 3-3-2). Therefore, no definite conclusions were
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to account for these results. We must conclude that the 
excess potentiometric activity in very dilute iodide 
solution is not due to I , but another chemical form 
readily exchangable with the iodide electrode. The deviations 
in nitric acid solutions of high iodide concentration are 
possibly due to the presence of NO and NO^. The reduction 
products of HNO^ formed in the course of the oxidation of 
iodide are assumed to interfer in the overall process. A 
detailed description of the reduction products of nitric 
acid is given in the next paragraph.
3. 3. 2. 2 Kinetic^ study_ _of Jthe_re_action of iodine_with 
nitric_acid
In nitric acid solution the species HNC>3 , HN02 , N 2°4 an(^
NO are assumed to play a significant role in the course of 
the oxidation of- iodide. The free energy of nitrite ion is 
reported as -8.25 kcal/mole.
hno2 = H+ + NC>! k = 4.5 x 1o“4 (71)
The free energy of formation of nitrous acid is -12.82 
kcal/mole. Nitric acid will be treated as completely 
dissociated, so the same value is used for this acid.
Before discussing nitric acid and nitrous acid potentials, 
a number of equilibria should be considered.
2 N02 55 N 2°4 AG° “ ” 1 -289 kcal mole-1 (72)
The equilibrium constant for the reaction is 8.8 . Hence 
at 25 C the equilibrium mixture is largely N 2°a f and 
equations will generally be written with tetroxide instead 
of the dioxide. In cold water, low concentrations of N 20 4 
react to form a solution of nitric acid and nitrous acids.
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N 2°4 * H2° = HN02 + H+ + n03 (73)
is A G ° = -6.07 kcal/mole. However, in concentrated nitric 
acid the reaction is reversed and nitrous acid is oxidized 
to the tetroxide. We may observe:
2 HN02 = NO + N02 + H 20 a g ° = 2 . 4 6  kcal.mole" 1 (74)
This small positive free energy shows that there is very 
appreciable pressure of NO and N02 in equilibrium with a
nitrous acid solution, but a still more important reaction is
the decomposition of nitrous acid into nitric acid and nitric 
oxide
3 HN02 = H+ + N03 + 2N0 + H20 (75)
AG° = -2.34 kcal mole"*1 
The experimental value for the equilibrium constant lead to
1 4 o \
a free energy of -2.04 kcal/mole . The rate of the reaction
is not rapid in cold dilute solutions of nitrous acid, but it 
becomes so on heating. Hence, in warm concentrated solutions 
of tetroxide the principal equilibrium is the following:
3N02 + H20 = 2N03 + 2H+ + NO (76)
*G0 = -12.26 kcal mole"*!
The free energy is not large however, and nitric oxide passed 
into concentrated nitric acid would obviously form an 
appreciable amount of N02 or N 20 4 .
From the above equilibria it follows that the reduction 
products obtained upon the addition of a reducing agent to 
an excess of nitric acid, will depend very largely upon the 
concentration of the nitric acid. In many cases the first 
step is doubtless the reduction to nitrous acid.
The free energy at 25°C for the reaction:
H 2 0  4- HN02 = N03 4* 3H+ 4- 2e~ (77)
E° = -0.94 volts
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But at low acid concentration, because of the decomposition 
of the nitrous acid, the reaction is
2H20 + NO = NO^ + 4H+ + 3e~ (78)
E°= -0.96 volts
and at high acid concentrations,
2H20 + N 20 4 = 2N0~ + 4H+ + 2e“ (79)
E° = 0.80 volts
The potential of this last reaction changes rapidly with the
concentration of hydrogen ion. Concentrated nitric acid is
a powerful oxidizing agent. Because of its low hydrogen ion 
concentration its reaction rate is very slow.
According to the following equilibrium oxidation-reduction 
equation, presumably the major reduction product is nitrous 
acid,
I2 + 5HN03 + H20 = 2HIO3 + 5HN02 (80)
however, the presence of nitrous acid or nitrite ion is 
equivalent only to stating that equimolar amounts of NO. 
and N02 are formed according to equation (74). When the 
equilibrium is written to represent the formation of only 
NO, the full oxidation-reduction equation is
3I2 + 10 HN03 = 6HI03 + 10N0 + 2H20 (81)
These possible reduction products, NO, N0 2 or N02 ion also 
have some interaction with nitric acid, e.g.;
NO + 2HNO3 = 3N02 + H 20 (82)
Thus, N0 2 is the reaction product in any case.
Mailen et al. have measured equilibria for the oxidation
of 1° to I+ at 25°C in 14.6 to 19 M nitric acid. The
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equilibrium data are consistent with the existence of only 
two steps, the first involving the oxidation of I9 to I+
4- — ^
and the second being the oxidation of I to 10^. From these 
considerations, the two equilibrium reactions will be written 
as:
I2 + 4HN03 = 2I+ + 2N0™ + N 20 4 + 2H20 (83)
I+ + 3HN03 4- NO™ = 10™ + H+ 4- 2N20 4 4* H20 (84)
The equilibrium constant for reaction (83) can be written:
r  + r  2 2
^1 N 00. aH 90 aN0™
K « -------------  2---- 8 = 9.74 x 10™16 (85)
C a 4 CI 2 aHN03
and the equilibrium constant for reaction (84):
2
al0™ aH+ aN 90 A aH 90 
K =    —  —  = 2.82 x 10™* b (86)
a l + aHN03 aN03 
( a = mean ionic activity coefficient )
The earlier kinetic studies showed that the reaction rate 
constant for the I2 oxidation increases very rapidly with 
increasing nitric acid concentration above the azeotrope. 
This suggests that the reaction involves molecular HN03 , 
the activity of which increases quite rapidly abobe the 
azeotrope , The compound IN09 has been reported in
nitric acid . This will be assumed to be the 4-1 iodine
product in this study. It could conceivably exist as the 
compound IN03 or as an ionic species. Since the material 
is very dilute, the ionic form will be assumed.
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In our experiments, initially the only species present in
the nitric acid solution was potassium iodide; the iodide
electrode potentials are proportional to the potassium iodide
-4concentration in HNO^ in the range of 10 to 10 gm per liter
(Fig.3-3-1 and 3-3-2). The slope of the calibration curve in
these figures is 55 mv to 6o mv per concentration decade. In
-3 -1nitric acid, at iodide concentrations above 10 gm litre , 
equilibrium was attained within 3 minutes as in aqueous 
solution. The reproducibility of the measurements was poor if 
unbuffered solutions were used in low concentration ranges on 
account of interferences such as contamination and adsorption.
In buffered solution, satisfactory proportionality and repro-
*>4 — 1
ducibility above 10 g litre of iodide was obtained (Fig.
2-2-1, 2-2-2, 2-4-1, 2-4-2 and 2-4-3).
The solubility of iodine in acid solution is just one percent 
less than in water (after two hours reaction); however, the 
solubility increased slightly in acid. The oxidation rates of 
iodide in nitric acid solution are dependent on the temperature 
(Fig.3-3-3; 3-3-4, 3-3-5 and 3-3-6). The rate of decomposition 
of nitric acid at room temperature is a strong function of nitric 
acid concentration (Fig.3-3-1 and 3-3-2). In our experiments, 
where we varied temperature and reaction time, an increased 
oxidation of iodide to iodine was observed as expected.
In our experiments, the difference of the chemical potentials 
of the ions appears as the standard free ^ energy change of the 
reaction, from which the standard electrode potential can be 
calculated. However, the calculation of the chemical potential 
of the activity in the nitric acid solution is difficult, 
because lack of data.
3. 3.2. 3 Discussion '•
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3.3.3 Iodate and iodine in nitric acid solution with 
reducing agents
In another series of experiments we have studied the reduction 
of lO^ and with reducing agent and buffer. We expect that 
the reductant could reduce ICty and thus creating a I 
potential. On several occasions the question has been raised 
whether the several possible reactions of iodine and its 
derivatives with nitric acid might account for a number of 
electrode reactions which interfere with the measurement of 
the potential of the main reaction. For that reaction it must 
be emphasized that all of the sample solutions reacting at 
the iodide electrode are in chemical equilibrium, so that the 
measured potential for the main reaction and all other 
secondary reactions are the same. The above statement may be 
proved readily from the thermodynamic standpoint by employment 
of the free energy function using activities. It is important 
to note that the free energy change involved when iodine is 
added to the iodate solutions indicate that the iodate concen­
trations are not appreciably changed (Fig. 4-1, 4-2, 5-1, 5-2, 
5-3, 6-1, 6-2 and 6-3).
From the standard electrode potential given by Lundberg et 
136)al. one may calculate the standard free energy change at
298.1°K for the reaction
1 / 2 I 2 (s ) + 3H20 =  5/2H2 (g) + H+ +  I0~ (87)
*G 298° = ”5 x 23066 x (1.195) = 137.819 kcal mole"1 (88) 
151)Gordon has computed the entropy of water from spectroscopic
data and with the heat of formation of water 132  ^ and the 
entropies of hydrogen 153  ^ and oxygen 154%  he calculated the 
free energy of formation of water
3H20 3/202 + 3H2 4 G 298° = -170.070 kcal mole"1 (89)
- 120 -
By substraction of the last reaction from the preceding 
reaction one may calculate the free energy of formation of 
iodate ion.
1 / 2 I 2 (s ) + 3/202 + 1/2H2 =  H+ +  I0~ (90)
A G 298° ~ “32.251 kcal mole 1
The entropies of iodine and iodate ion are known in addition 
to those of hydrogen and oxygen. The entropy change in the 
reaction is 72.60 cal deg and combination with the value 
for the free energy gives for the heat of formation of iodate 
ion AH298° “ “54.9 kcal mole™1.
Formation of iodate by iodine in water is generally considered
1)to be a extremely slow process. Eggleton 7 presents results 
indicating that at 25°C, 10 percent conversion to iodate 
would take ten years at pH=5, 11 hours at pH=7, and 4 seconds 
at pH=9.
In our experiments, buffer with reducing agent in all series 
was used. The resulting electrode potential in 4 M nitric 
acid solution is higher than the normal potential of iodide 
solution (Fig.4-1, 3-3 and 6-1). The combined electrode 
potential of mixed solution is lower than the potential of 
iodide solution free of iodine or iodate (Fig. 5-1, 5-3, 6-1 
and 6-2) even if complete reduction of the iodate and iodine 
is taken into account; no explanation can be given at the 
moment. Nevertheless, there are numerous questions which 
cannot be answered by reference to published work.
2.3.4 Production of iodate in nitric acid solution
In the light of these considerations we could have expected 
to find some iodate besides iodine as the major oxidation 
product of iodide in our experiments. Therefore, reducing 
agents were added in order to suppress the oxidation of iodide.
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With an arsenite as reducing agent, the following reduction 
is assumed to take place:
IO” + 3AsO~ 3 — ► I~ + 3AsO~ 3 (91)
If the test solution contained IO3 , this ion is reduced by 
an excess of arsenite in acid medium. However, no appreciable 
amount of iodate could be found in the aqueous solution.
Even when the iodide was held in nitric solution for more 
than two months at room temperature under the influence of 
light, there was no discolouration.
The series of experiments we have carried out is presented 
in the following paragraph:
— 1A) A 50 ml sample from a 0.01 g litre iodide solution 
was mixed with 4M nitric acid solution; after 2 hours
mixing the solution was evaporated to half volume; after
addition of 20 ml water, the measured potential was
~ 3E = +220 mv. After addition of 10 ml 1 M AsO^ solution 
we found E - +215 mv.
-1B) A 5 ml sample from a 1 g litre iodide solution was 
mixed with 4 M nitric acid solution; after 10 hours
mixing 45 ml water were added and the measured potential
_ "3
was E = -135 mv then after addition of 10 ml 1M AsO^ 
solution we found E = -130 mv.
C) A 5 ml sample from a 10 g litre 1 iodide solution was
mixed with 2 M nitric acid solution; after 30 days
- 3mixing 35 ml water and 10 ml 1M AsO^ were added when the 
measured potential was E = -255 mv.
A 5 ml sample as in (C) was mixed with 45 ml water when the 
measured potential was E = -250" mv.
3.4 The effect of various parameters upon the electrode
3,4.1 Influence of temperature
-  1 2 2  -
I t  i s  known t h a t  o x id a t io n  r a t e s  o f  io d id e  i n  n i t r i c  a c id  
s o l u t i o n  and io d in e  i n  aq u eo u s s o l u t i o n  a r e  d e p e n d e n t on th e  
t e m p e r a t u r e . By u s e  o f  th e  e q u a t io n  d E /d T  = A S /n f ,  and by 
th e  G ib b s -H e lm h o lt z  e q u a t io n  A H /n f ~ ~E + T (d E /d T ),  g iv e  
th e  e n t ro p y  ch an g e  and th e  h e a t  c o n t e n t  ch an g e  r e s p e c t i v e l y .  
The r a t e  o f  d e c o m p o s it io n  o f  n i t r i c  a c id  a t  room te m p e ra tu re  
i s  s t r o n g  f u n c t io n  o f  th e  n i t r i c  a c id  c o n c e n t r a t io n .  I n  o u r  
e x p e r im e n t s , w here we v a r i e d  th e  te m p e ra tu re  i n  e a ch  s e r i e s , 
an in c r e a s e d  o x id a t io n  r a t e  o f  io d id e  to  io d in e  was o b s e rv e d  
a s  e x p e c t e d , b u t ,  no io d a t e  c o u ld  be o b s e r v e d .
3 . 4 , 2  I n f lu e n c e  o f  r e a c t i o n  tim e
*
The p o t e n t i a l  o f  i o n - s e l e c t i v e  e le c t r o d e s  i s  a r e s u l t  o f  i o n -  
e x ch a n g e  e q u i l i b r i a  on th e  membrane s u r f a c e s .  The r a t e  o f  
t h e  e x ch a n g e  r e a c t i o n s  i n f l u e n c e s  th e  b e h a v io u r  o f  th e  
e le c t r o d e s  to  a g r e a t  e x t e n t .  I f  th e  r a t e  o f  th e  e x ch a n g e  
r e a c t i o n  i s  n o t  g r e a t  en o u gh , th e n  th e  e le c t r o d e  i s  n o t  
r e v e r s i b l e  to  th e  a p p r o p r ia t e  io n .  T h e r e f o r e ,  i t  i s  v e r y  
im p o rt a n t  to  s t u d y  th e  k i n e t i c e s  o f  th e  e x ch a n g e  r e a c t i o n s , 
a p o s s i b i l i t y  o f  w h ic h  i s  o f f e r e d  by m e a s u rin g  th e  r e s p o n s e  
tim e  o f  th e  e l e c t r o d e s . I n  o u r  e x p e r im e n t s , t h e  tim e  ta k e n  
t o  e s t a b l i s h  a s t e a d y  e le c t r o d e  r e a d in g  v a r i e d  fro m  s e v e r a l  
s e c o n d s  to  s e v e r a l  m in u t e s , d e p e n d in g  on th e  sam p le  
c o n c e n t r a t io n .  When th e  sam p le  s o l u t i o n s  w ere m ixed  to  a c h ie v e  
th e  d i f f e r e n t  c o n c e n t r a t io n s  o f  io d i d e ,  io d in e  o r  io d a t e ,  
m easurem en ts w ere n o t  c a r r i e d  o u t  b e f o r e  th e  r e a c t i o n  tim e  
u s u a l  f o r  a n o rm a l hom ogenerous l iq u i d - p h a s e  r e a c t i o n  had  
p a s s e d . I t  ca n  s a f e l y  be assum ed t h a t  th e  m ix in g  tim e  i s  
s h o r t  enough com pared w it h  th e  r e a c t i o n  t im e .
3 , A ,3 I n f lu e n c e  o f  l i g h t
E x p e r im e n t a l o b s e r v a t io n s  c o n c e r n in g  th e  e f f e c t  o f  l i g h t  on 
th e  io d id e  s p e c i f i c  e le c t r o d e  p o t e n t i a l  i n  g e n e r a l  s u f f e r  
fro m  th e  f a c t  t h a t  th e  t r u e  i n f lu e n c e  l i g h t  i s  m asked by i t s  
d i r e c t  h e a t in g .  The r e s u l t s  o f  o u r  e x p e rim e n t s  shown t h a t  a t  
c o n s t a n t  te m p e ra tu re  th e  e f f e c t  o f  l i g h t  on th e  e le c t r o d e
-  123 -
\
p o t e n t i a l  i s  q u it e  s m a ll  i n  m a g n it u te  and seldo m  e x ce e d  a 
few  m i l l i v o l t s .
3 . 4 . 4  I n t e r f e r e n c e  o f  io n s
The e le c t r o d e  w i l l  m a lf u n c t io n  i f  io n s  w h ic h  fo rm  v e r y  
i n s o l u b l e  s a l t s  o f  s i l v e r  a r e  p r e s e n t  a t  s u f f i c i e n t l y  h ig h  
l e v e l s  to  fo rm  a l a y e r  o f  th e  s a l t  on th e  membrane s u r f a c e .
The e le c t r o d e  m ust n o t be p la c e d  i n  s t r o n g  r e d u c in g  s o l u t i o n s ,
— w h ic h  fo rm  a l a y e r  o f  s i l v e r  m e ta l on th e  e le c t r o d e  m em brane.
I n  g e n e r a l,  th e  m ore c o n c e n t r a t e d  th e  io d id e  io n ,  th e  h ig h e r  
i s  th e  a l lo w a b le  c o n c e n t r a t io n  o f i n t e r f e r i n g  io n .  B u t,  
s u f f i c i e n t l y  h ig h  c o n c e n t r a t io n  o f  s p e c ie s  w h ic h  fo rm  e x t re m e ly  
s t a b le  co m p le x e s w it h  s i l v e r  io n  w i l l  a l s o  i n t e r f e r e  w it h  
m easu rem en ts and w i l l  r e s u l t  i n  th e  r e a d in g  o f  h ig h e r  v a lu e s  
o f  io d id e  io n  a c t i v i t y  th a n  a c t u a l l y  e x i s t  i n  th e  sa m p le .  
I n t e r f e r e n c e  i n  p o t e n t io m e t r ic  m easurem ents o f  some o f  th e  
m ore common io n s  by o u r  w ork i s  l i s t e d  i n  t a b le  3 . 4 . 1 .
3 . 5  C o n c lu s io n s
The io d id e  e le c t r o d e  ca n  be u se d  t o  m easu re th e  io d id e  c o n t e n t  
a c c u r a t e ly ;  th e  r e s p o n s e  o f  th e  e le c t r o d e  system i s  l i n e a r  fro m
- 7  _4
10 to  1 M io d id e  s o l u t i o n  and 10 to  1M io d id e  i n  1 -  4 M 
n i t r i c  a c i d  s o l u t i o n .  The c o n c e n t r a t io n  m easurem ent ca n  be 
c a r r i e d  o u t i n  l e s s  th a n  t h r e e  m in u t e s . The io d id e  e le c t r o d e  
c a n  be e f f e c t i v e l y  em ployed f o r  a v a r i e t y  o f  a n a l y t i c a l  p u r p o s e .  
B u t, i f  th e  io d id e  e le c t r o d e  i s  to  be em ployed f o r  th e  c o n t in u o u s  
m o n it o r in g  o f  io d id e  c o n c e n t r a t io n  i n  d i s s o l v e r  s o l u t i o n s , i t  
i s  n o t w e l l  s u it e d  f o r  th e  d i r e c t  m o n it o r in g  o f  v e r y  r a p i d l y  
c h a n g in g  s y s t e m s , e s p i c a l l y  i f  th e  s o l u t i o n s  a r e  h ig h ly  
c o n c e n t r a t e d  i n  n i t r i c  a c i d  a t  h ig h  t e m p e r a t u r e . I n  t h i s  c a s e ,  
i t  w o u ld  n o t y i e l d  r e l i a b l e  a n a l y t i c a l  r e s u l t s .
-  124 -
The membrane e le c t r o d e  and i t s  o u tp u t  c u r r e n t  w ere n o t
a f f e c t  by th e  r a d i o a c t i v i t y ,  b e c a u s e  th e  c o n c e n t r a t io n
m easurem en ts w ere made i n  l e s s  th a n  f i v e  m in u t e s ,  gamrna-
r a y  r a d i a t i o n  damage o f  th e  s i l i c a n e  membrane s h o u ld  be  
155)n e g l i g i b l e  a t  th e  f u t u r e  r a d i o a c t i v i t y  l e v e l  ( l e s s  
th a n  20 C i )  u s e d . A lt h o u g h  t h i s  i n v e s t i g a t i o n  m easu red  
n o n r a d io a c t iv e  io d id e  s o l u t i o n ,  t h i s  t e c h n iq u e  c o u ld  
a p p l ie d  to  h ig h  a c t i v i t y  io d id e  s o l u t i o n s  u s in g  a b a t c h  
a n a l y t i c a l  p r o c e s s .
-  125 -
Table  3 .4 .1  In te r fe r e n c e  o f io n  w ith  
the io d id e  e le c tro d e
In te r fe r e n c e N o n -In te r fe re n c e
C a tio n Fe+++ Z r++++, U+6
Anion
OH™, 01™, Br™, 
XS” , XHS“ , XCH- ,
xlT , io " , s2o“
po - “  , SO” , 
CO” , N0~
Others B r2 , C l2 , I 2 , xNH5
x )  B. P a l e t t a ,  M ikrochim. A cta , J5, 1210, (1 9 6 9 );
G. A. R e c h n itz ,  e t  a l . ,  a n a l .  Chem., 3 8 ,
973, 0 9 6 6 ) .
Tab le  3 - 4 .2  P ro p e r t ie s  o i  e le m e n ta l io d in e
Temp.
°C
S o l u b i l i t y  
in  H20 
mole f r a c t i o n
Yapor pressure
mole f r a c t i o n  
mm Hg in  vapor
Y a p o r-L iq u id  
d i s t r i b . 
c o e f f i c ie n t
0 -A * -ft. X _i o 1 V
J1
0 .0 3  4 .2 2  x 10-5 3.81
20 1 .99  x 10-5 0 .2 0  - 2 .8 5  x 10"4 14 .3
50 5 .3 5  x 10-5 2 .2 0  3 .1 0  x 10~3 5 8 .0
70 8 .0  x 10-5 8 .2 0  1 .16  x 10"2 145
8 7 .7 • -i- X o t 4a. 22 .60  3 .6 7  x 10-2 335
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